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PRINCIPLES    OF    CHEMISTRY 

VOL.  II. 


Molecular  composition  of  tlie 

higher  hydrogen  and 
metallo-organic  compounds 


E  =  CH3,  C3H5,  &c. 

[1]     [2]     [3]     [4] 

HH 


BE5      —        — 
CH4    CjHe  C2H4  CjH, 
NH5   N,H4      - 
OH,      — 
FH 

NaE 

MgEj     - 

AIE3      —        — 

SiH4   SiaEe     —        — 

PH,   P,Hj      — 

SH2      — 

CIH 


Atomic  weights  of  the  elements 


[5]     [6] 

H        1,005  (mean) 


Composition  of  the  saline  compounds,  X=01 


GeE. 


ZnE.,      — 
GaE,     -        _ 


AbH, 


SeHj     — 
BrH 


90-6 
94 
1-1 


Li 

Be 

B 

C 

K" 

O 

F 

Na. 

Mg 

Al 

Si 

P 

S 

CI 

K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Pe 

Co 

Ifi 

Cu 

Zn 

Ga 

Ge 

As 

Se 

Br 


7-02  (Stas) 

9-1  (Nilson  Pettersson) 

ll'O  (Ramsay  Ashton)  . 

12-00  (Eoscoe)    .     .     ,     . 

14-04  (Stas) 

16  (conventional)  .     . 

19-0  (Christiansen)   .     . 


28-04 

24-3 

27-1 

28-4 

81-0 

82-06 

35-45 

3915 

400 

44-0 

48-1 

51-2 

52-1 

55-1 

56-0 

58-9 

59-4 

68-6 

65-8 

69-9 

72-8 

75-0 

79-Ot 

79-95 


(Stas)  .... 
(Burton)  .  .  . 
(Mallet)  .  .  . 
(Thorpe  Young) 
(v.  d.  Plaats)  . 
(Stas)  .... 
(Stas)  .... 


Br,   (NO3),   iO,   MSOi),  OH,     (OM)  =  Z,  where  M  =  K, 
4  Ca,  i  Al,  &c. 
Form    EX      EX^     EX,,      EX4      EX5       EX.       EX,       EX. 
Oxides  E^O     EO       E2O3    EO^       E2O5      EO3       E^O,      EO4 

[7]     [8]     [9]     [10]     [11]      [12]     [13]     [14] 

HX  or  H2O 

LiX 

—  BeXa 

—  -      BX3 

—  CO       —       COZ, 
NO 

—  OXj 
PZ 


Peroxides 


Lower 
hydrogen 
com- 
pounds 


NaX 


[15] 

HjO, 


C2O5, 

J^jOe, 

O3 


MgX^ 


(Stas)  .     .     .  . 

(Dumas)  .     .  . 

(Nilson)    .     .  . 

(Thorpe)  .     .  . 

(Eoscoe)  .     .  . 

(Eawson) .     .  . 

(Marignac)    .  . 

(Dumas)  .     .  . 
(Zimmermann) 

(Winkler)      .  . 

(Eichards)    .  . 

(Marignac)    .  . 

(Boisbaudran)  . 

(Winkler)      .  . 

(Dumas)  .     .  . 

(Pettersson) .  . 

(Stas)  .    .     .  . 


—       SX„ 

CIZ 

KX 


AIX3 

P_X3 

CIOZ 


SiOZa 
SOZ, 


POZ3 

—       SOoZ,, 
C10»Z       —  " 


C103Z 


CrOaZ^ 

MnC^Za  MnOjZ 
PeO^Za 


Kb 

Sr 

Y 

Zr 

KT) 

Ho 


HgE.,  - 

TIE,      —  _ 

PbE4     — '      _  _ 

BiE-,      —  _ 


85-5  (Godeffroy)  .  .  , 
87-6  (Dumas)  .  .  .  . 
(Cleve)  .  .  .  . 
(Bailey)  .... 
(Marignac)  .  .  . 
(Maas)  .  .  .  . 
Unknown  metal  (eka- 

KU  101-7      (Joly) 

Kh  102-7      (Seubert)      .     .     . 
Pd   im-i     (Keller  Smith) .     . 

107-93   (Stas) 

112-1  (Lorimer  Smith)  . 
(Winkler)  .  .  , 
(Classen)  .  .  . 
(Schneider)  .  .  . 
(Brau!.->r)  . 
(Stas)  .    •     .     .     . 

Cs  182-7  (Godefk-oy).  .  , 
Ba  187-4  (Eichaids)  .  .  . 
La  188-2  (Brauner)  .  .  . 
Ce  140-2  (Brauner)  .  .  . 
Little  known  Di  =  142.1 
Ta  182-7  (Marignac)  .  .  . 
W     184-0      (Waddel)      .     .     . 

Unknown  element. 
Os     191-6      (Seubart)     .     . 
Ir      198-3      (Joly)      .     .     . 
Pt     196-0      (Dittmar    McArt'h 
Au    197-5      (Mallet)  .... 
Hg   200-5      (Erdmann  Mar.)  . 
Tl      204-1      (Crookes)     ... 
Pb    206-90    (Stas).    .     .     . 
Bi     208-9      (Classen)      ... 

Five  unknown  elements. 
Th     232-4      (Kriiss  Nilson)     . 

Unknown  element. 
XJ       289-3      (Zimmermann)     . 


—  CaX^ 

—  -      80X3 

—  TiXj    TiX3      TiX4 

—  VO    VOX       —       VOZ5 

—  CrX,   CrX3     CrOj 
--  MnXj  MnX3  MnO,       — 

—  FeX.,  FeXj       —  - 

—  C0X2  C0X5   CoO., 

—  NiX.,    NiX3 
CuX  CuXs 

—  ZnX, 

—  —  '  GaX3 

—  GeX.j      —       GeX4 

—  AsS    ASX3    AsSa    AsOaZ 

—  —        —     SeOZa      —       SeOjZa 

BrZ       —      BrOZ     —      BrOaZ       —       BrOjZ 

^Ete      -        -  . 

—  SrX, 

—  -■    YX3  .     ----. 

—  —         —       ZrXi 

—  —     NbX;      —      NbOaZ 


M0P2Z2 

Em03Z 
EUO2Z2  EUO3Z    EUO4 
Eh'^aZa 


M0X5   M0X4 
■imanganese,  Em  =  99). 

—  RuXj  EuXs  EUX4 

—  EhX.,  EhXs  EhXi 
PdX  PdX,  -  PdX4 
AgX  I 

—  CdX,  i 
[                -      InX2    InX,  i 

—  SnXj     —  SnXj                        \ 

—  —      SbXj  —      SbO.,Z        ; 
-          —        —      TeOZj '    TeOBg,- 

IZ         -        IZ3  -        IO2Z        -         IO3Z 

CsX 

—  BaXj 

—  —      LaXj 

—  —      CeX,    CeX4 

and  Yb  =  178.2,  and  over  15  unknown  elements 

TaOjZ 


[16] 

BeH 

N3H 


NaaH 
MgH 


P2H 


KjH 
CaH 


FenH» 

NinH 

CuH 


As4H„ 


EbO       EbaH^ 
SrO,  SrH 


-^    -      2^4nS^ 
~  NbnH» 

MooO,         — 


Simple  bodies 


Sp.  gi:  I  Sp.  vol . 


Melting 
point 


I     NaO 


SjO, 

KO2 
CaOa 

TiOs 

CrjO, 


Cu,05, 
ZnO., 


U2W7 


EuqH^ 
EhnH,^ 
Pd,H' 


AgO 
CdOj 

SnO, 


—  Cs^H, 

BaOj        BaH 


[17] 

[18] 

»0-05 

20 

0-59 

11-9 

1-64 

5-5 

2-5 

4-4 

»l-9 

6-8 

,0-6 

23 

»0-9 

18 

?l-0 

19 

0-9  8 

23-5 

1-74 

14 

2-6 

11 

2-8 

12 

2-2 

14 

2-07 

15 

,1-3 

27 

0-87 

45 

1-56 

26 

?2-5 

?18 

8-6 

13 

5-5 

9 

6-7 

7-7 

7-5 

7-8 

7-8 

7-2 

8-6 

6-8 

8-7 

6-8 

8-8 

7-2 

7-1 

9-2 

5-96 

11-7 

5-47 

13-2 

5-65 

13  3 

4-8 

16 

8-1 

26 

1-5 

57 

2-5 

35 

,8-4 

,26 

4-1 

22 

7-1 

13 

8,6 

11     ^ 

12-2 

8-4 

12-1 

8-6. 

11-4 
10-5 
8-6 
7-4 
7-2 
6-7 
6-4 
4-9 


10-3 

18 

14 

16 

18 


WX4 


OaX4 
IrX4 
PtX. 


—  —      OsX 

—  —       IrX- 

—  PtXj  — ' 
AuX  -  AuXj 
HgX  HgX, 

TIX  —  '  TIX5 

—  PbX^      —     PbOZ. 

—  -      BiXj       -  • 

—  —        —       ThX4 

—  —        —       UO, 


WO2Z, 

OsOaZ, 
IrO^z; 


OsO.         — 


Bi02Z 


UO,X, 


6-6 

— 

TanH, 

10-4 

VM 

— 

.   19-1 

— 



22-5 

— 

IrnH, 

22-4 

— 

PtnH, 

214 

— 

— 

19-3 

— 

— 

13-6 

— 

— 

11-8 

— 

— 

11-3 

9-8 
11-1 

U04 


2-87  ;  56 
3-75  36 
6-1  !  23 
21 


18 


8-6 
8-6 
9-2 

10 

15 

17 

18 

21 


18-7 


21 
13 


[19] 

-250°? 

180° 
900°? 

1,800°? 

2,600°? 

-203° 

-230°? 
? 


500° 

600° 

1,800°? 

44° 

114° 

-75° 

68° 

800° 

1,200°? 

2,500°? 

3,000°? 

2,000°? 

1,500° 

1,450° 

1,400° 

1,850° 

1,064° 

418° 

80° 

900° 

500° 

217° 

-7° 

89° 

600°? 

1,000°? 

1,500°? 

i,8oe°? 

2,889°? 

2,000"? 
1,900°? 
1,600° 

950° 

820° 

176° 

282° 

482° 

456°'" 

114° 

27° 
? 

? 
700°? 

? 
2,600° 

2,700°? 
2,000° 

1,775° 
1,045° 
-89° 

294° 

828° 

269° 

1 
2,400°? 


t    Prom  analogy  there  is  reason  for  thinking  that  the  atomic  weight  oi  selenium  is  really  slightly 


less  than  79-0. 


asBumidT/the  dement/  ^^^e  StTolrlf  LT-P°'''Tf  ^"^^  l^^f  °«'°  a^dmetaUo- organic  compounds,  exhibiting  the  most  characteristic  forms 

CotZ  6rnZV'L^"atmtlthts^rtre°:i  Znl^  ''TT'  ^'Tf  'T'''^  *,°  '""'"''^  °^  '^^  -'^g-*-^^  of  their  atomic  weights, 

given  in  parenthesis.     The  atorc'^'^X^^^^  V^  '^°'*  trustworthy  determinations.     The  names  of  the  investigator!  are 

have  been  recalculated  by  Le  on  th^S  of  Sta^s?s  mot^tnif/w^  ib  T'.  ^^  ^^T  ^^"''v'^^^^?  these  atomic  weights  were  calculated.  SomI  of  these 
are  taken  according  to  vLX  Pitts  rnrThot^nTcalS^^^^^  '"''  ^"'  ''^'P*"  ^'''^-  '""^  ''''  ™'"''^™  S^^^«  ^^  «*-  -  *^«  *-We,  where  they 
colum5!"Vth\^Tm^t*E  hrr^*i°n,V  T  ^f^^^^^^l^^I^^ot  the  elements,  placed  according  to  their  forms,  BX,  EX^  to  EX,  (in  the  14th 
hydrate  is  formed  (alMaJueousbaZ  J    /o^^^^^^  ^''  ^t'  f''  '^'".?  ^'^P^^^^ P^'  ^^-  *  ^^4,  &c.,  halJid  radicles,  or  (OH)^  if  a  perfect 

correspond  to  Nai  uklZriA^loJo^ttrnM^^^^  7&T\7o'£tllb^''-J:  'T^^i  Jor  instance  NaCl,  MglNo;),,  M^m,),, 
or  acid  character,  X  must  be  rerardedar/nwrNSn/b  <.£;''  *  ^^S'  ."  '  ^§?^'  .^9"  *°-  ^'^'  '^  *^^  element,  hke  C  or  N,  be  of  a  metaUoid 
metal,  iO  in  thefonnXnof  3nhvdride^^?d  n  ^^, /°'^J"'^*^°f.  °f  hydrates;  (OM)  m  the  formation  of  salts,  where  M  is  the  equivalent  of  a 
the  plale  of  X ;  for^Zpk  thTforS  rb/  NO  7  M  o  ^"^  T/''  «Mo'anhydride;  and  in  this  case  {i.e.  in  the  acid  compoimds)  Z  is  put  in 
NO2CI,  N02(0H)  =  HnT;  MnSoK^^^^  ^'"°^^'  ^'°^^^'  ^""^  '^^  correspond  to  CO(NaO)2  =  Na2C03,  COCI2,  CO2,  ^(NaO)  =NaNO,, 

the?ompoitfonTa°s  loTlS  wTef  brhl^'lnrr^^^^^^^  elements,  ^.fci«^  then.  a.  anhydrous.    An  asterisk  (*)  is  attached  to  those  of  which 

contain  more  oxygen  &an  the  Ser  saUne  oxidTs  oftt  IL^  'l  l^^  *°'  "  ^'^n  '^""^l?^  ""^  peroxides  have  yet  been  obtamed.     The  peroxides 

circumstance  necefsLtes  the^  tfcefeSd  to  the  tv"^  o  "T-!  Z'?^^^  T  ^^'''^ff^y  °^'d'«'".g'  ^^^  easily  give  peroxide  of  hydrogen.  This  latter 
Note  7  and  11  bis).  ^  *^P^  °^  peroxide  of  hydrogen,  if  bases  and  acids  are  referred  to  the  type  of  water  {see  Chapter  XV., 

whiSl'SqSg"d£™eV  W  Tem^^^^  "/com^ZaH  v^J*^'"^!,"  Tf""'^'  f '  N^H  and  Na2H.  They  may  often  be  regarded  as  alloys  of  hydrogen, 
given  in  columns  1-4  ("Ste  ll)  comparatively  moderate  temperature.     They  differ  greatly  in  their  nature  fi-om  the  hydrogen  compounds 

assiSiTLmSgyZ^^^^^^  and  a  liqmd  state.     An  asterisk  (*)  is  placed  by  those  which  can  either  only  be 

with  a  variation  of  temperature  and  Pressure  }HkenxZr,?/^-f°^'°l  ^^'"^  ''•^',  °°*  ^'fP  °^'^^"^^  '"^  ^  1^^"'^  «*^*c),  or  which  vary  very  rapidly 
to  graphite  and  diaS)  But  ^s  the  ^  L^  ^  °?p?!?  ^'"^-  °'*'.T?i'  °f  "^^^''"^  '*''*'  *^°'  ^''^'^''^'  "^^^"^  '"  P^«™g  ^°^  the  state  of  charcoal 
from  the  most  tru  Wtoy  sources    can  onlv^be  rJ^rdPd  I  *^  temperature,  mechanical  condition,  &c.,  the  fi^ires  given,  although  chosen 

instance,  the  sp.  gr.  rSreHrom  ALAh  sfdlr  Al  M.  approximate,  and  not  as  absolutely  true.  They  clearly  show  a  certain  periodicity;  for 
it  also  dUnisLf  on  besides  from  CuEu!anS  ^     '      ^'       '  decreasing  atomic  weight;  and  Al,  Si,  P,  8,  CI,  with  increasing  atomic  weight, 

atom?c%Ti^hVaTd't^Sgra4?v  ^TJ'^".  'TmVJT^i  "^/"'^  •^"^'  the  so-caUed  atomic  volumes  of  the  simple  bodies,  or  the  quotient  of  their 
least,  and  tL  indicre^te'Scity^onh^^p^o^^^^^^^^^^  '^  ^^^*-*  ™S  *^^  neighbouring  elements.     For  Ni,Vd,  and  Os  it  is 

betwee^  wtiih'thL:tr?ntelreSe"£^rl^^^  -^T''  '°'"/b     ^^-'^  al-  a  periodicity  is  seen,  i...  a  maximum  and  minimum  value 

Ga,  and  Ge.  intermediate  values,  as  we  see,  for  mstance,  m  the  series  CI,  K,  Ca,  Se,  and  Ti,  or  in  the  series  Cr,  Mn,  Fe,  Co,  Ni,  Cu,  Zn, 

To  face  Title-page,  Vol.  II. 


-~,>^., — -..__._  ,  Table  III. 

The  periodic  dependence  of  the  composition  of  the  simplest  compounds  and  properties  of  the  simple  bodies  upon   the 

atomic  weights  of  the  elements.      ~       •.      ■ 


Molecular  composition  of  tlie 

hig-Iier  hydrogen  and 
metallo-orgaiiic  compounds 


Atomic  weights  of  the  elements 


E  =  CH3,C,H„&c. 


[1]  [2]  [3]  [4]  I  [5]  [6] 


Composition  of  the  saline  compounds,  X=01 


HH     H        1,005  (mean) 


BE- 

CH4   CjH;  CjHj  c,h, 
NH5   N„H4      - 
OH.,      _ 
FH 

NaB 

SiH4    SioE 

PH-"  P'-Hj      - 

SH2      — 

CIH 


GeE 


(Stas)    

(Nilson  Pettersson) 
(Ramsay  Ashton)  . 
(Koscoe)    . 

(Stas) 

(conventional)  .     . 
(Christiansen)   .     . 

(Stas) 

(Burton)  .... 
(Mallet)    .... 
(Thorpe  Young) 
(v.  d.  Plaats)     . 
-  (Stas)   .... 
(Stas)  .... 


(Stas)  .     .     .  . 

(Dumas)  .     .  . 

(Nilson)    .     .  . 

(Thorpe)  .     .  . 

(Roscoe)  .     .  . 

(Rawson) .     .  . 

(Marignac)    .  . 

(Dumas)  .     .  . 
(Zimmermann) 

(Winkler)      .  . 

(Richards)    .  . 

(Marignac)    .  . 

(Boisbaudran)  . 

(Winkler)      .  . 

(Dumas)  .     .  . 

(Pettersson) .  . 

(Stas)  .    .     .  . 


Br,   (NO5),   iO,    i(S04),   OH,     (OM)  =  Z,  where  M  =  K, 
^  4  Ca,  ^  Al,  &c. 

n°T    ^\     5^^     F'      ^^*       ^^5       EX,       RX,       BXs 
Oxides  E2O     RO       E2O3    RO.j       E3O5       EO3       R^C),      RO4 

[7]     [8]      [9]     [10]     [11]      [12]     [13]     [14] 

HX  or  HjO 

LiX 

—  BeXj 

—  —       BX- 

—  CO       ^'     COZ, 
N2O      NO     NOZ      NOo"    NO,Z      '  ' 

—  OX,  "  ■' 

FZ 

NaX 

—  MgX^ 
—      AIX5 

—  —        —      SiOZ, 

—  ^      PX5       -  "   POZ3 

—  SX.,      —      SOZ.,      —      so,z„ 
CIZ       -      CIOZ       —       ClOoZ       --  '     CIO3Z 


Peroxides 


Lower 
hydrogen 
com- 
pounds 


KX 


CaXj 

-      ScX, 
TiX,,     TiX,      TiX4 
VO     VOX       — 
CrX.,   CrXj     CrOj 
MnXj  MuXs  MnO, 
FeX.,  FeXj       — 
CoX„  C0X5   CoO., 
NiX,    NiX, 


[15] 

[16] 

HaOj 

- 

— 

BeH 

N^&* 

NjH 

— 

Simple  bodies 


.gr.  I   Sp.vol.  I    Melting 
[     ^  point 


[17] 


—  ,0-05 

0-59 
1-64 
2-5 
*l-9 

,0-9 
?1'0 


NaO 


VOZ3 


CrOoZa 

MnO.^Z.,  MnOjZ 
FeO,Z.J 


CuX  CuXa 

—  ZnX, 

-^     GeX., 

—  AsS" 

BrZ       — 


NaaH 
MgH 

PoH 


K,H 
CaH 


S2O7 

KO2 
CaOa 

TiOj 

CraO, 

—         PenH, 


GaX, 
AsXj 
BrOZ 


GeXi 
AsSj 
SeOZ., 


AsO^Z 
BrOoZ 


SeOaZj 

-       BrO.,Z 


-         -       YX., 


E,u  101-7 

Hh  102-7 


SnE, 


InE, 


CdE.,      — 


SbH-,      — 
TeH,. 


IH 


Pd 

^1 
In 
Sn 
Sb 
Te 
I 


106-1 

107-»3 

112-1 

113-6 

119-1 

120-4 

la.'i-l 

126-85 


(Godeiitroy)  ...  HEX. 
(Dumas)  ....  I  _      SrX, 

(Cleve)     .     .     . 

(Bailey)  ....  _        _ 

(^»"gn«)   .     .     .  !  _        __     NbX, 

(Maas)      .     .     .     .  i  _        ^     M0X3 

Unknown  metal  (eka-  manganese,  Em  =  99) 

(J°ly) ■  —     RuX.,  RUX3 

(oeubert)      .     .     .  ,  —     RhX.",  BhX3 

(Keller  Smith) .     .  PdX    PdX.2      — 

Stas) (  AgX 

(Lorimer  Smith)  .  —      CdX., 

(Winkler)     ...  I  _      i^x,    InXj 

[schSer).-     :     •  -      ""^^     -       ^-^^^ 


ZrXi 

M0X4 

RUX4 
RhXj 
PdX. 


NbO.^Z 


Mob.,Z2 

!         EmOjZ 
Rui^2Z,  EUO3Z   RuOj 
Rh'jjZij  * 


NinH 

CuH 


(Braur- 
(Stas)  .. 


PbE4 


HgE„ 
TIE3      _ 

BiE.      — 


Cs 
Ba 
Zja 
Ce 


SbX3      —      SbOoZ 
—      TeOZa- — 


IZ         -       IZ3        -        IO.,Z        - 


Tu02?j.2 

IO-,Z 


CsX 


132-7  (Godeftoy)  .  . 
137-4  (Richards)  .  . 
138-2  (Brauner)  .  . 
140-2      (Brauner)     ... 

Little  known  Di  =  142.1  and  Yb 
182-7      (Marig:iac)  .  I  _ 

184-0      (Waddel)      ...  — 

Unknown  element.  ' 

191-6      (Seubert)     .     .        I  _ 

(Joly)      .... 
(Dittmar    McArth'ur)  — 

(Itallet)  .     .     .     .  !  AuX 

(Erdmann  Mar.)  .  HgX 

(Crookes)     ...  I  TIX 

(Stas)  .... 
(Classen)      .     . 
Five  unknown  elements. 
Th     232-4      (Kriiss  Nilson) 

Unknovrn  element. 
U       239-3      (Zinmiermann) 


BaX, 


Ta 
W 

Os 

Ir  193-3 

Pt  196-0 

Au  197-5 

Hg  200-5 

Tl  204-1 

Pb  206-90 

Bi  208-9 


-  —      LaX5 

-  —      CeXj    CeXi 
173.2,  and  over  15  unknown  elements 

-  —        —         —      TaOaZ 

-  —         —       WX,         — 


CU2O5, 
ZnO.j 


RbO 

SrOa 


Mo.,0, 


Ago 
CdOa 

SnO, 


—  Cs^H, 

BaOj        BaH 


0-9  8 
1-74 
2-6 
2-3 
2-2 
2-07 
»l-8 

0-87 
1-56 
?2-5 
3-6 
5-5 
6-7 
7-5 
7-8 
8-6 
8-7 


— 

7-1 

— 

5-96 

As4H,f 

5-47 
5-65 

4-8 

— 

3-1 

Rb^H,, 
SrH 

1-5 

2-5 

"™4n-»-A# 

^3-4 

4  1 

RunH» 
Rh„H, 
PdoH 


—  OsXj 

—  IrXj 
PtXj      — 

—  AuXj 
HgX, 

—  TIX3 


OsXj 
IrX4 
PtX. 


WO2Z2 

OsOaZ, 
IrOaZ; 


W2O, 
—        OSO4         — 


TanH, 


—       I    IrnH, 
PtnH^ 


—      PbX, 


BiX, 


PbOZo 


BiO.,Z 


—  —       ThXi 

—  —       UO2         —        UO,X. 


IjAj 


UO4 


7-1 
8,6 

12-2 
12-1 
11-4 
10-5 
8-6 
7-4 
7-2 
6-7 
6-4 
4-9 

2-37 
3-75 
6-1 
6-6 

10-4 
191 

22-5 
22-4 
214 
19-3 
13-6 
11-8 
11-3 


11-1 

18-7 


[18] 

20 

11-9 
5-5 
4-4 

6-S 
23 
18 
19 

23-6 

14 

11 

12 

14 

15 

27 

45 

26 

?18 

13 
9 

7-7 
7-3 
7-2 
6-8 
6-8 
7-2 
9-2 

11-7 

13-2 

13  3 

16 

26 

57 
35 
*26 
22 
13 
11 

8-4 
8-6. 
8-3 

10-3 

18 

14 

16 

18 

20 

26 

56 
86 
28 
21 

18 


8-5 
8-6 
9-2 

10 

15 

17 

18 

21 

21 
18 


58° 

800= 

1,200°? 

2,500°? 

8,000°? 

2,000°? 

1,500° 

1,450° 

1,400° 

1,350° 

1,054° 

418° 

80° 

900° 

500° 

217° 

-7° 


2,000-7 
1,900°? 
1,500° 

950° 

820° 

176° 

232° 

432°  _ 

455" 

114° 


? 
2,600° 


294° 
328° 
269° 


t    Prom  analogy  there  is  reason  for  thinking  that  the  atomic  weight  of  selenium  is  really  slightly  less  than  79-0. 

tBFM^'^^?^'  t:  ttTolZn LXfnS^tW ;S^^^^^^  ^^^^^^l  ^^^  -««*  characteristic  fonn. 

.  Column  6  contar  tL^'atS Ithts  0"  "e  °e  Wnl^atXf  t^  the '^iTf  'T^^  \'  f '^  '"'''■  ''  '^^  ^'^"^^^-'^^  "^  ^^^  '^^-^  -ights. 
given  m  parenthesis.  The  atomic  weight  of  Lygen  tXn  as  16  form,  ?hp  h^r  ^'^^'^r^^I  determmations.  The  names  of  the  mvestigators  are 
have  been  recalculated  by  me  on  the  ba^sis  of  Sta^f  most  teustworihyTata  (L^CW^^^^^  hese  atomic  weights  were  calculated.     Some^  of  these 

are  token  accordmg  to  van  der  Plaats  and  Thomsen's  calcSns)  ^  '^®  numbers  given  by  Stas  in  the  table,  where  they 

coCnrythe'  er^nVE  hrrmiVc  ctrSrhkeTLt  sf  £^  thrx"'  ^'"^"l  Tr.'^' .Vr^'"^  ^°™^'  «^'  ^^^  *°  ^^b  (m  the  14th  ' 
hydrate  is  formed  (alkali,  aqueous  base),  or  A  0^  Is  &c  when'  an  anhvSons  n^id^  ZTf'F^'^?''  *  ^^''i"-  ^'*'°''^  ^'^'^^^l'^^'  °'  (OH)  if  a  perfect 
correspond  to  NaX,  MgX.„  and  AIX  ■  so  also  NfrnrnM^/nflf   a t/Xu?  It    -^''',?'^i^"^^'  ^''-  '^  formed.     For  instance,  NaCl,  Mg  Nol,  AlJsO  ) 
or  acid  character,   X  i^usl  be  rrgarye^aMoS)  fn  tL  fSfe^^^^^^^  But  if  the  element,  like  C  or  N^^be  o?;  m»d 

metal  iO  in  the  formation  of  an  anhydride  and  CI  rthefrm «Ln  n/„.v,r  '  ^?^^-f  *l»e  tem'^tion  of  salts,  where  M  is  the  equivalent  of  a 
^^n  ?^'l^^°*  ^'  ^°^  ^^^^^Pl^'  the  formuircbz  NO  Z  MnO TreTz  Ih  tT^^  '^''.?^r.'S.^^^^''^^"  ('■'■  '"  ^^'  ^''^^  compounds)  Z  is  put  in 
NO^a,  N02(0H)  =  HNO3 ;  Mn03(0K)  =  KMnO  '  ICl  &c  '  "  ''  '=°™'P°'^'^  *°  CO(NaO).,,  =  Na.,CO„  COCl.,,  CO^,  NO,(NaO)  =  NaNO,, 

the  compLronTa^s&S:  IT^areV'a^dT^^^^^^^  ^^^1  ^  «f'^^---  ..^  -t-iskO  is  attached  to  those  of  which 

cpntam  more  oxygen  than  the  higher  salme  ox  des  of  the  same  !l~^liZlf7n  '""'.'"■  "°  ^T^^^?,'  ^"^^  ^'^  b««"  °h*^i'^«d.  The  peroxides 
circumstance  necessitates  their  being  referred  to  the  tvprofrrox  den?  wZ£/,^^^  oxidising  and  easily  give  peroxide  of  hydrogen.  This  latter 
Note  7  and  11  bis).  ^  ^''^  ^^P®  °*  peroxide  of  hydrogen,  if  bases  and  acids  are  referred  to  the  type  of  water  {see  Chapter  XV., 

whiIhirq::X"d£jn"aiV°bX?^^  a 'comirtivX'SrT C"„^^  f'  ^^^  and  Na^H.  They  may  often  be  regarded  as  alloys  of  hydrogen,' 
given  m  columns  1-4  (seeNote  12).  comparatively  moderate  temperature.     They  differ  greatly  in  their  nature  from  the  hydrogen  compounds 

asspdXmlX%oTeSmpSts?'g^^^^  Pl-ed  by  those  which  can  either  only  be 

with  a  variation  of  temperature  and  pressurf  (liL  0™  and  ntooS^  ^r  nLj  1  ?  .^T  °-*T''^  ""  ^  ^M""'^  '*^*«)'  °^  ^^'"^  ^'"'y  ^^^J  rapidly 
to  graphite  and  diamond).  But  as  the  sp.  gr.^in  gene?a?  varies  wkh^hetP^r?  '*''*'  ^^^  l^^'^n^e  carbon  in  passing  from  the  state  of  charcoal 
from  the  most  trustworthy  sources,  can  oSy^e  regarded  as  annr^x!m«^«  I'^^^'f'''^'  mechanical  condition,  &c.,  the  figures  given,  although  chosen 
instance  the  sp.  gr.  diminishes  from  Al  on  both  swfs  (S  mI  N^w  t^l!'  -  °*  f'  ^^^°^^^^}y  t™e-  They  clearly  show  a  certain  periodicity;  for 
.  It  ako  diminishes  on  both  sides  from  Cu  Eu!and  Os  ^  ®'       '  '^'"''^^''''S  atomic  weight;  and  Al,  Si,  P,  S,  CI,  with  increasing  atomic  weight, 

atomic'wi^liVaTdte^S^rttt^^"^^^  K.^rt^^'r?,^  J^t.-flTl^f  ..---^l^^,  ^^^^'^  volumes  of  the  simple  bodies,  or  the  quotient  of  their 
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CHAPTER   XV 

THE    GROUPING    OF    THE    ELEMENTS    AND    THE    PERIODIC    LAW 

It  is  seen  from  the  examples  given  in  the  preceding  chapters  that  the 
sum  of  the  data  concerning  the  chemical  transformations  proper  to  the 
elements  (for  instance,  with  respect  to  the  formation  of  acids,  salts, 
and  other  compounds  having  definite  properties)  is  insufiicient  for 
accurately  determining  the  relationship  of  the  elements,  inasmuch 
as  this  may  be  many-sided.  Thus,  lithium  and  barium  are  in 
some  respects  analogous  to  sodium  and  potassium,  and  in  others  to 
magnesium  and  calcium.  It  is  evident,  therefore,  that  for  a  com- 
plete judgment  it  is  necessary  to  have,  not  only  qualitative,  but  also 
quantitative,  exact  and  measurable,  data.  When  a  property  can  be 
measured  it  ceases  to  be  vague,  and  becomes  quantitative  instead  of 
merely  qualitative. 

Among  these  measurable  properties  of  the  elements,  or  of  their 
corresponding  compounds,  are  :  (a)  isomorphism,  or  the  analogy  of 
crystalline  forms  ;  and,  connected  with  it,  the  power  to  form  crystalline 
mixtures  which  are  isomorphous  ;  (b)  the  relation  of  the  volumes  of 
analogous  compounds  of  the  elements  ;  (o)  the  composition  of  their 
saline  compounds  ;  and  (d)  the  relation  of  the  atomic  weights  of  the 
elements.  In  this  chapter  we  shall  briefly  consider  these  four  aspects 
of  the  matter,  which  are  exceedingly  important  for  a  natural  and 
fruitful  grouping  of  the  elements,  facilitating,  not  only  a  general 
acquaintance  with  them,  but  also  their  detailed  study. 

Historically  the  first,  and  an  important  and  convincing,  method  for 
finding  a  relationship  between  the  compounds  of  two  different  elements 
is  by  isomorphism.  This  conception  was  introduced  into  chemistry 
by  Mitscherlich  (in  1820),  who  demonstrated  that  the  corresponding 
salts  of  arsenic  acid,  H3ASO4,  and  phosphoric  acid,  HgP04,  crystallise 
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with  an  equal  quantity  of  water,  show  an  exceedingly  close  resemblance 
in  crystalline  form  (as  regards  the  angles  of  their  faces  and  axes),  and 
are  able  to  crystallise  together  from  solutions,  forming  crystals  con- 
taining a  mixture  of  the  isomorphous  compounds.  Isomorphous  sub- 
tances  are  those  which,  with  an  equal  number  of  atoms  in  their 
molecules,  present  an  analogy  in  their  chemical  reactions,  a  close 
resemblance  in  their  properties,  and  a  similar  or  very  nearly  similar 
crystalline  form  :  they  often  contain  certain  elements  in  common,  from 
which  it  is  to  be  concluded  that  the  remaining  elements  (as  in  the 
preceding  example  of  As  and  P)  are  analogous  to  each  other.  And 
inasmuch  as  crystalline  forms  are  capable  of  exact  measurement, 
the  external  form,  or  the  relation  of  the  molecules  which  causes 
their  grouping  into  a  crystalline  form,  is  evidently  as  great  a  help  in 
judging,  of  the  internal  forces  acting  between  the  atoms  as  a  comparison 
of  reactions,  vapour  densities,  and  other  like  relations.  We  have 
already  seen  examples  of  this  in  the  preceding  pages.  ^  It  will  be 
sufficient  to  call  to  mind  that  the  compounds  of  the  alkali  metals 
with  the  halogens  EX,  in  a  crystalline  form,  all  belong  to  the  cubic 
system  and  crystallise  in  octahedra  or  cubes — for  example,  sodium 
chloride,  potassium  chloride,  potassium  iodide,  rubidium  chloride,  kc. 
The  nitrates  of  rubidium  and  caesium  appear  in  anhydrous  crystals  of 
the  same  form  as  potassium  nitrate.  The  carbonates  of  the  metals  of 
the  alkaline  earths  are  isomorphous  with  calcium  carbonate — that  is, 
they  either  appear  in  forms  like  calc  spar  or  in  the  rhombic  system 
in  crystals  analogous  to  aragonite."''^  Furthermore,  sodium  nitrate 
crystallises  in  rhombohedra,  closely  resembling  the  rhombohedra  of  calc 
spar  (calcium  carboziate),  CaC03,  whilst  potassium  nitrate  appears  in  the 
same  form  as  aragonite,  CaCO^,  and  the  number  of  atoms  in  both  kinds 
of  salts  is  the  same  :  thoy  all  contain  one  atom  of  a  metal  (K,  Na,  Ca),  one 
atom  of  a  non-metal  (C,  If),  and  three  atoms  of  oxygen.  The  analogy 
of  form  evidently  coincides  with  an  analogy  of  atomic  composition. 
But,  as  we  have  learnt  from  the  previous  description  of  these  salts,  there 
is  not  any  close  resemblance  in  their  properties.  It  is  evident  that  calcium 
carbonate  approaches  more  nearly  to  magnesium  carbonate  than  to  sodium 
nitrate,  although  their  crystalline  forms  are  all  equally  alike.     Isomor- 

1  For  instance  the  analogy  of  tlie  sulphates  of  K,  Rb,  and  Cs  (Chapter  XIII.,  Note  1). 

1  bis  The  crystalline  forms  of  aragonite,  strontianite,  and  witherite  belong  to  the 
rhombic  system ;  the  angle  of  the  prism  of  CaCOj  is  116°  10',  of  SrCOj  117°  19',  and  of 
BaCOj  118°  SO'.  On  the  other  hand  the  crystalline  forms  of  calc  spar,  magnesite,  and 
calamine,  which  resemble  each  other  quite  as  closely,  belong  to  the  rhombohedral  system, 
with  the  angle  of  the  rhombohedra  for  CaCOj  105°  8',  MgC05  107°  10',  and  ZnCO,, 
107°  40'.  From  this  comparison  it  is  at  once  evident  that  zinc  is  more  closely  allied 
to  magnesium  than  magnesium  to  calcium. 
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phous  substances  which  are  prefectly  analogous  to  each  other  are  not 
only  characterised  by  a  close  resemblance  of  form  (homeomorphism),  but 
also  by  the  faculty  of  entering  into  analogous  reactions,  which  is  not  the 
case  with  RNO3  and  RCO3.  The  most  important  and  direct  method  of 
recognising  perfect  isomorphism — that  is,  the  absolute  analogy  of  two 
compounds — is  given  by  that  property  of  analogous  compounds  of 
separating  from  solutions  in  homogeneous  crystals,  containing  the 
most  varied  proportions  of  the  analogous  substances  which  enter 
into  their  composition.  These  quantities  do  not  seem  to  be  in 
dependence  on  the  molecular  or  atomic  weights,  and  if  they  are 
governed  by  any  laws  they  must  be  analogous  to  those  which  apply  to 
indefinite  chemical  compounds.^  This  will  be  clear  from  the  follow- 
ing examples.  Potassium  chloride  and  potassium  nitrate  are  not 
isomorphous  with  each  other,  and  are  in  an  atomic  sense  composed 
in  a  different  manner.  If  these  salts  be  mixed  in  a  solution  and 
the  solution  be  evaporated,  independent  crystals  of  the  two  salts  will 
separate,  each  in  that  crystalline  form  which  is  proper  to  it.  The 
crystals  will  not  contain  a  mixture  of  the  two  salts.  But  if  we 
mix  the  solutions  of  two  isomorphous  salts  together,  then,  under 
certain  circumstances,  crystals  will  be  obtained  which  contain  both 
these  substances.  However,  this  cannot  be  taken  as  an  absolute  rule, 
for  if  we  take  a  solution  saturated  at  a  high  temperature  with  a 
mixture  of  potassium  and  sodium  chlorides,  then  on  evaporation  sodium 
chloride  only  will  separate,  and  on  cooling  only  potassium  chloride. 

**  Solutions  furnish  the  commonest  examples  of  indefinite  chemical  compounds.  But  the 
isomorphous  mixtures  which  are  so  common  among  the  crystalline  compounds  of  silica 
forming  the  crust  of  the  earth,  as  well  as  alloys,  which  are  so  important  in  the  applica- 
tion of  metals  to  the  arts,  are  also  instances  of  indefinite  compounds.  And  if  in  Chapter  I., 
and  in  many  other  portions  of  this  work,  it  has  been  necessary  to  admit  the  presence 
of  definite  compounds  (in  a  state  of  dissociation)  in  solutions,  the  same  applies  with 
even  greater  force  to  isomorphous  mixtures  and  alloys.  For  this  reason  in  many  places 
in  this  work  I  refer  to  facts  which  compel  us  to  recognise  the  existence  of  definite 
chemical  compounds  in  all  isomorphous  mixtures  and  alloys.  This  view  of  mine  (which 
dates  from  the  sixties)  upon  isomorphous  mixtures  finds  a  particularly  clear  confirmation 
in  B.  Roozeboom's  researches  (1892)  upon  the  solubility  and  crystallising  capacity  of 
mixtures  of  the  chlorates  of  potassium  and  thallium,  KCIO5  and  TICIO3.  He  showed 
that  when  a  solution  contains  different  amounts  of  these  salts,  it  deposits  crystals  con- 
taining either  an  excess  of  the  first  salt,  from  98  p.c.  to  100  p.c,  or  an  excess  of  the  second 
salt,  from  63'7  to  100  p.c. ;  that  is,  in  the  crystalline  form,  either  the  first  salt  saturates  the 
second  or  the  second  the  first,  just  as  in  the  solution  of  ether  in  water  (Chapter  I.)  ;  more- 
over, the  solubility  of  the  mixtures  containing  86'8  and  98  p.c.  KCIO5  is  similar,  just  as  the 
vapour  tension  of  a  saturated  solution  of  water  in  ether  is  equal  to  that  of  a  saturated 
solution  of  ether  in  water  (Chapter  I.,  Note  47).  But  just  as  there  are  solutions  miscible 
in  all  proportions,  so  also  certain  isomorphous  bodies  can  be  present  in  crystals  in 
all  possible  proportions  of  their  component  parts.  Van  't  Hofl  calls  such  systems  '  solid 
solutions.'  These  views  were  subsequently  elaborated  by  Nemst  (1892),  and  Witt  (1891) 
applied  them  in  explaining  the  phenomena  observed  in  the  coloration  of  tissues. 
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The  first  will  contain  very  little  potassium  chloride,  and  the  latter 
very  little  sodium  chloride.-''  But  if  we  take,  for  example,  a  mixture 
of  solutions  of  magnesium  sulphate  and  zinc  sulphate,  they  cannot 
be  separated  from  each  other  by  evaporating  the  mixture,  notwith- 
standing the%ather  considerable  difference  in  the  solubility  of  these 
salts.  Again,  the  isomorphous  salts,  magnesium  carbonate,  and  calcium 
carbonate  are  found  together— that  is,  in  one  crystal — in  nature. 
The  angle  of  the  rhombohedron  of  these  magnesia-lime  spars  is  inter- 
mediate between  theangles  proper  to  the  two  spars  individually  (for  cal- 
cium carbonate,  the  angle  of  the  rhombohedron  is  105°  8'  ;  magnesium 
carbonate,  107°  30' ;  CaMg(C03)2, 106°  10').  Certain  of  these  isomor- 
pJioiif: mixtures  of  calcand  magnesia  spars  appearin  well-formed  crystals, 
and  in  this  case  there  not  unfrequently  exists  a  simple  molecular  pro- 
portion of  strictly  definite  chemical  combination  between  the  component 
salts — for  instance,  CaCOjjMgCOj — whilst  in  other  cases,  especially  in 
the  absence  of  distinct  crystallisation  (in  dolomites),  no  such  simple 
molecular  proportion  is  observable:  this  is  also  the  case  in  many 
artificially  prepared  isomorphous  mixtures.  The  microscopical  and 
crystallo- optical  researches  of  Professor  Inostrantzoff  and  others 
show  that  in  many  cases  there  is  really  a  mechanical,  although  micro- 
scopically minute,  juxtaposition  in  one  whole  of  the  heterogeneous 
crystals  of  calcium  carbonate  (double  refracting)  and  of  the  compound 
CaMgCaOj.  If  we  suppose  the  adjacent  parts  to  be  microscopically 
small  (on  the  basis  of  the  researches  of  Mallard,  Weruboff,  and  others), 
we  obtain  an  idea  of  isomorphous  mixtures.  A  formula  of  the  follow- 
ing kind  is  given  to  isomorphous  mixtures  :  for  instance,  for  spars, 
ECO3,  where  R=Mg,  Ca,  and  where  it  may  be  Fe,Mn  .  .  .,  &c.  This 
means  that  the  Ca  is  partially  replaced  by  Mg  or  another  metal. 
Alums   form  a  common    example    of   the   separation    of   isomorphous 
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'  The  cause  ol  the  difference  which  is  observed  in  different  compounds  of  the  same 
type,  with  respect  to  their  property  of  forming  isomoi-phous  mixtures,  must  not  be  looked 
for  in  the  difference  of  their  volumetric  composition,  as  many  investigators,  including 
Kopp,  afBrm.  The  molecular  volumes  (found  by  dividing  the  molecular  weight  by  the 
density)  of  those  isomorphous  substances  which  do  give  intermixtures  are  not  nearer  to 
each  other  than  the  volumes  of  those  which  do  not  give  mixtures  ;  for  example,  for  mag- 
nesium carbonate  the  combining  weight  is  84,  density  3'06,  and  volume  therefore  27  ;  for 
calcium  carbonate  in  the  form  of  calo  spar  the  volume  is  37,  and  in  the  form  of  arago- 
nite  83  ;  for  strontium  carbonate  41,  for  barium  carbonate  46 ;  that  is,  the  volume  of 
these  closely  allied  isomorphous  substances  increases  with  the  combining  weight.  The 
same  is  observed  if  we  compare  sodium  chloride  (molecular  volume  =  27)  with  potassium 
chloride  (volume  =  37),  or  sodium  sulphate  (volume  =  55)  with  potassium  sulphate 
(volume  =  66),  or  sodium  nitrate  39  with  potassium  nitrate  48,  although  the  latter  are 
less  capable  of  giving  isomorphous  mixtures  than  the  former.  It  is  evident  that  the 
cause  of  isomorphism  cannot  be  explained  by  an  approximation  in  molecular  volumes. 
It  is  more  likely  that,  given  a  similarity  in  form  and  composition,  the  faculty  to  give 
isomorphous  mixtures  is  connected  with  the  laws  and  degree  of  solubility. 
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mixtures  from  solutions.  They  are  double  sulphates  (or  seleniates) 
of  alumina  (or  oxides  isomorphous  with  it)  and  the  alkalis,  which 
crystallise  in  well-formed  crystals.  If  aluminium  sulphate  be  mixed 
with  potassium  sulphate,  an  alum  separates,  having  the  composi- 
tion KAlS20jj,12H20.  If  sodium  sulphate  or  ammonium  sulphate,  or 
rubidium  (or  thallium)  sulphate  be  used,  we  obtain  alums  having  the 
composition  RAlS20s,12H20.  Not  only  do  they  all  crystallise  in  the 
cubic  system,  but  they  also  contain  an  equal  atomic  quantity  of  water 
of  crystallisation  (I2H2O).  Besides  which,  if  we  mix  solutions  of  the 
potassium  and  ammonium  (NIl4AlS20g,12H20)  alums  together,  then 
the  crystals  which  separate  will  contain  various  proportions  of  the 
alkalis  taken,  and  separate  crystals  of  the  aluuas  of  one  or  the  other 
kind  will  not  be  obtained,  but  each  separate  crystal  will  contain  both 
potassium  and  ammonium.  Nor  is  this  all  ;  if  we  take  a  crystal  of  a 
potassium  alum  and  immerse  it  in  a  solution  capable  of  yielding 
ammonia  alum,  the  crystal  of  the  potash  alum  will  continue  to 
grow  and  increase  in  size  in  this  solution — that  is,  a  layer  of  the 
ammonia  or  other  alum  will  deposit  itself  upon  the  planes  bounding 
the  crystal  of  the  potash  alum .  This  is  very  distinctly  seen  if  a  colour- 
less crystal  of  a  common  alum  be  immersed  in  a  saturated  violet  solu- 
tion of  chrome  alum,  KOrS20g,12H20,  which  then  deposits  itself  in  a 
violet  layer  over  the  colourless  crystal  of  the  alumina  alum,  as  was 
observed  even  before  Mitscherlich  noticed  it.  If  this  crystal  be  then 
immersed  in  a  solution  of  an  alumina  alum,  a  layer  of  this  salt  will 
form  over  the  layer  of  chrome  alum,  so  that  one  alum  is  able  to  incite 
the  growth  of  the  other.  If  the  deposition  proceed  simultaneously,  the 
resultant  intermixture  may  be  minute  and  inseparable,  but  its  nature  is 
understood  from  the  preceding  experiments  ;  the  attractive  force  of 
crystallisation  of  isomorphous  substances  is  so  nearly  equal  that  the 
attractive  power  of  an  isomorphous  substance  induces  a  crystalline  super- 
structure exactly  the  same  as  would  be  produced  by  the  attractive  force 
of  like  crystalline  particles.  From  this  it  is  evident  that  one  isomorphous 
substance  may  induce  the  crystallisation  *  of  another.  Such  a  phenomenon 
explains,  on  the  one  hand,  the  aggregation  of  different  isomorphous 
substances  in  one  crystal,  whilst,  on  the  other  hand,  it  serves  as  a  most 
exact  indication  of  the  nearness  both  of  the  molecular  composition  of 
isomorphous  substances  and  of  those  forces  which  are  proper  to  the 
elements  which  distinguish  the  isomorphous  substances.  Thus,  for 
example,  ferrous  sulphate  or  green  vitriol  crystallises  in  the  monoclinic 

^  A  phenomenon  of  a  similar  kind  is  shown  for  magnesium  sulphate  in  Note  27  of  the 
last  chapter.  In  the  same  example  we  see  what  a  complication  the  phenomena  of' 
dimorphism  may  introduce  when  the  forms  of  analogous  compounds  are  compared. 
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system  and  contains  seven  molecules  of  water,  FeSOj.TH^O,  whilst 
copper  vitriol  crystallises  with  five  molecules  of  water  in  the  triclinic 
system,  CuS04,5H.,0  ;  nevertheless,  it  may  l>e  easily  proved  that  both 
salts  are  perfectly  isomorphous  ;  that  they  are  able  to  appear  in  identi- 
cally the  same  forms  and  with  an  equal  molecular  amount  of  water. 
For  instance,  llarignac,  by  e^aporating  it  mixture  of  sulphuric  acid 
and  ferrous  sulphate  under  the  receiver  of  an  air-pump,  first  obtained 
crystals  of  the  hepta-hycirated  salt,  and  then  of  the  penta-hydrated 
salt  FeS04,5H,0,  which  were  perfectly  similar  to  the  crystals  of  copper 
sulphate.  Furthermore,  Lecoq  de  Boisbaudran,  by  immersing  crystals 
of  FeSC)4,7H,0  in  a  supers.iturated  solution  of  copper  sulphate,  caused 
the  latter  to  deposit  in  the  same  form  as  ferrous  sulphate,  in  crystals 
of  the  monoclinic  system,  CuSOjjTHjO. 

Hence  it  is  evident  that  isomorphism — that  is,  the  analogy  of  forms 
and  the  property  of  inducing  crystallisation — may  serve  as  a  means  for 
the  discovery  of  analogies  in  molecular  composition.  We  will  take  an 
example  in  order  to  render  this  clear.  If,  instead  of  aluminium  sul- 
phate, we  add  magnesium  sulphate  to  potassium  sulphate,  then,  on 
evaporating  the  solution,  the  double  salt  K2MgS.20g,6H20  (Chap- 
ter XIV.,  Note  28)  separates  instead  of  an  alum,  and  the  ratio  of 
the  component  parts  (in  alums  one  atom  of  potassium  per  2SO4,  and 
here  two  atoms)  and  the  amount  of  water  of  crystallisation  (in  alums 
12,  and  here  6  equivalents  per  iSO^)  are  quite  different;  nor  is  this 
double  salt  in  any  way  isomorphous  with  the  alums,  nor  capable  of 
forming  an  isomorphous  crystalline  mixture  with  them,  nor  does  the 
one  salt  provoke  the  crystallisation  of  the  other.  From  this  we 
must  conclude  that  although  alumina  and  magnesia,  or  aluminium 
and  magnesium,  resemble  each  other,  they  are  not  isomorphous, 
and  that  although  they  give  partially  similar  double  salts,  these  salts 
are  not  analogous  to  each  other.  And  this  is  expressed  in  their 
chemical  formulae  by  the  fact  that  the  number  of  atoms  in  alumina  or 
aluminium  oxide,  AI2O3,  is  difi'erent  from  the  number  in  magnesia,  MgO. 
Aluminium  is  trivalent  and  magnesium  bivalent.  Thus,  having  obtained 
a  double  salt  from  a  given  metal,  it  is  possible  to  judge  of  the  analogy 
of  the  given  metal  with  aluminium  or  with  magnesium,  or  of  the 
absence  of  such  an  analogy,  from  the  composition  and  form  of  this 
salt.  Thus  zinc,  for  example,  does  not  form  alums,  but  forms  a  double 
salt  with  potassium  sulphate,  which  has  a  composition  exactly  like  that 
of  the  corresponding  salt  of  magnetium.  It  is  often  possible  to  dis- 
tinguish the  bivalent  metals  analogous  to  magnesium  or  calcium  from 
the  trivalent  metals,  like  aluminium,  by  such  a  method.  Further- 
more, the  specific  heat  and  ^-apour  density  serve  as  guides.     There  are 
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also  indirect  proofs.  Thus  iron  gives  ferrous  compounds,  FeX^,  which 
are  isomorphous  with  the  compounds  of  magnesium,  and  ferric 
compounds,  FeXg,  which  are  isomorphous  with  the  compounds  of 
aluminium  ;  in  this  instance  the  relative  composition  is  directly 
determined  by  analysis,  because'  for  a  given  amount  of  iron,  FeClg 
only  contains  two-thirds  of  the  amount  of  chlorine  which  occurs  in 
FeClg,  and  the  composition  of  the  corresponding  oxygen  compounds, 
i.e.  of  ferrous  oxide,  FeO,  and  ferric  oxide,  FeaOg,  clearly  indicates 
the  analogy  of  the  ferrous  oxide  with  MgO  and  of  the  ferric  oxide 
with  AI2O3. 

Thus  in  the  building  up  of  similar  molecules  in  crystalline  forms  we 
see  one  of  the  numerous  means  for  judging  of  the  internal  world  of 
molecules  and  atoms,  and  one  of  the  weapons  for  conquests  in  the 
invisible  world  of  molecular  mechanics  which  forms  the  main  object  of 
physico-chemical  knowledge.     This  method  ''  has  more  than  once  been 

^  The  property  of  solids  of  occurring  in  regular  crystalline  forms — tlie  occurrence  of 
many  substances  in  the  earth's  crust  in  these  forms — and  those  geometrical  and  simxDle 
laws  which  govern  the  formation  of  crystals  long  ago  attracted  the  attention  of  the  natu- 
ralist to  crystals.  The  crystalline  form  is,  without  doubt,  the  expression  of  the  relation 
in  which  the  atouis  occur  iu  the  molecules,  and  in  which  the  molecules  occur  in  the  mass, 
of  a  substance.  Crystallisation  is  determined  by  the  distribution  of  the  molecules  along 
the  direction  of  greatest  cohesion,  and  therefore  those  forces  must  take  part  in  the 
crystalline  distribution  of  matter  which  act  between  the  molecules ;  and,  as  they  depend 
on  the  forces  binding  the  atoms  together  in  the  molecules,  a  very  close  connec-  ' 
tion  must  exist  between  the  atomic  composition  and  the  distribution  of  the  atoms 
in  the  molecule  on  the  one  hand,  and  the  crystalline  form  of  a  substance  on  the 
other  hand ;  and  hence  an  insight  into  the  composition  may  be  arrived  at  from  the 
crystalline  form.  Such  is  the  elementary  and  a  pHori  idea  which  lies  at  the  base  of  all 
researches  into  the  connection  between  composition  and  crystalline  form.  Haiiy  in 
1811  established  the  following  fundamental  law,  which  has  been  worked  out  by  later 
investigators :  That  the  fundamental  crystalline  form  for  a  given  chemical  compound  is  \ 
constant  (only  the  combinations  vary),  and  that  with  a  change  of  composition  the  crystal- 
line form  also  changes,  naturally  with  the  exception  of  such  limiting  forms  as  the  cube, 
regular  octahedron,  &c.,  which  may  belong  to  various  substances  of  the  regular  system. 
The  fundamental  form  is  determined  by  the  angles  of  certain  fundamental  geometric 
forms  (prisms,  pyramids,  rhombohedra),  or  the  ratio  of  the  crystalline  axes,  and  is  con- 
nected with  the  optical  and  many  other  properties  of  crystals.  Since  the  establishment 
of  this  law  the  description  of  definite  compounds  in  a  solid  state  is  accompanied  by  a 
description  (measurement)  of  its  crystals,  which  forms  an  invariable,  definite,  and 
measurable  character.  The  most  important  epochs  in  the  further  history  of  this  question 
were  made  by  the  following  discoveries  : — Klaproth,  Vauquelin,  and  others  showed  that 
aragonite  has  the  same  composition  as  calc  spar,  whilst  the  former  belongs  to  the 
rhombic  and  the  latter  to  the  hexagonal  system.  Haiiy  at  first  considered  that  the  com- 
position, and  after  that  the  arrangement,  of  the  atoms  in  the  molecules  was  different. 
This  is  dimorphism  [see  Chapter  XIV.,  Note  46).  Beudant,  Frankenheim,  Laurent,  and 
others  found  that  the  forms  of  the  two  nitres,  KNO5  and  NaNOs,  exactly  correspond 
with  the  forms  of  aragonite  and  calc  spar  ;  that  they  are  able,  moreover,  to  pass  from 
one  form  into  another ;  and  that  the  difference  of  the  forms  is  accompanied  by  a  small 
alteration  of  the  angles,  for  the  angle  of  the  prisms  of  potassium  nitrate  and  aragonite 
is  119°,  and  of  sodium  nitrate  and  calc  spar,  120° ;    and  therefore  dimorphism,  or  the 
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employed  for  discovering  the  analogy  of  elements  and  of  their  com- 
pounds ;    and  as  crystals  are  measurable,    and    the  capacity  to  form 

crystallisation  of  cue  substance  in  different  forms,  does  not  necessarily  imply  a  gi-eat  differ- 
ence in  the  distribution  of  the  molecules,  although  some  difference  clearly  exists.  The  re- 
searches of  Mitscherlich  (182ii|  on  the  dimorphism  of  snliihur  confirmed  this  conclusion, 
although  it  cannot  yet  be  affii-med  that  in  dimorphism  the  arrangement  of  the  atoms 
remains  unaltered,  and  that  only  the  molecules  are  distributed  differently.  Leblanc, 
Berthier,  ^Yollaston,  and  others  aheady  knew  that  many|substances  of  different  composition 
appear  in  the  same  forms,  and  crystallise  together  in  one  crystal.  Gay-Lussac  (1816) 
showed  that  crystals  of  potash  alum  continue  to  grow  in  a  solution  of  ammonia  alum. 
Beudant  {1817}  explained  this  phenomenon  as  the  assimilation  of  a  foreign  substance  by 
a  substance  having  a  great  force  of  crystallisation,  which  he  illustrated  by  many  natural 
and  artificial  examples.  But  Mitscherlich,  and  afterwards  Berzelius  and  Henry  Rose  and 
others,  sbowed  that  such  an  assimilation  only  exists  with  a  similarity  or  approximate  simi- 
larity of  the  forms  of  the  individual  substances  and  with  a  certain  degree  of  chemical 

'  analogy.  Thus  was  estabhshed  the  idea  of  isomorphism  as  an  analogy  of  forms  by 
reason  of  a  resemblance  of  atomic  composition,  and  by  it  was  explained  the  variability  of 
the  composition  of  a  number  of  minerals  as  isomorphous  mixtures.  Thus  all  the  garnets 
are  expressed  by  the  general  formula:  (RO)-M..O,-,(SiOo)5,  where  R  =  Ca,  Mg,  Fe,  Mn, 
and  M  =  Fe,  Al,  and  where  we  may  have  either  R  and  M  separately,  or  their  equivalent 
compounds,  or  their  mixtures  in  all  possible  proportions. 

But  other  facts,  which  render  the  correlation  of  form  and  composition  still  more  com- 
plex, have  accumulated  side  by  side  with  a  mass  of  data  which  may  be  accounted  for  by 
admitting  the  conceptions  of  isomorphism  and  dimorphism.  Foremost  among  the  former 
stand  the  phenomena  oihomeomorphism — that  is,  a  nearness  of  forms  with  a  difference 
of  composition  — and  then  the  cases  of  polymorpliism  and  hemimorphism — that  is,  a 
nearness  of  the  fundamental  forms  or  only  of  certain  angles  for  substances  which  are 
near  or  analogous  in  their  composition.  Instances  of  homeomorphism  are  very  numerous. 
Many  of  these,  however,  may  be  reduced  to  a  resemblance  of  atomic  composition, 
although  they  do  not  correspond  to  an  isomorphism  of  the  component  elements ;  for 
example,  CdS  (greenockite)  and  Agl,  CaCO^  (aragonite)  and  KNO-„  CaCOg  (calc  spar)  and 
XaN03,  BaSOj  (heavy  spar),  KMn04  (potassium  permanganate),  and  KCIO4  (potassium 
perchlorate),  Al^Og  (corundum)  and  FeTiOg  (titanic  iron  ore),  FeS^  (marcasite,  rhombic 
system)  and  FeSAs  (arsenical  pyrites),  NiS  and  NiAs,  itc.  But  besides  these  instances 
there  are  homeomorphous  substances  with  an  absolute  dissimilarity  of  composition. 
Many  such  instances  were  pointed  out  by  Dana.  Cinnabar,  HgS,  and  susannite, 
PbS043PbC05  appear  in  very  analogous  crystalline  forms ;  the  acid  potassium 
sulphate  crystallises  in  the  monoclinic  system  in  crystals  analogous  to  felspar,  KAlSigOg  ; 
glauberite,  NaoCa(S04)._>,  augite,  RSiOg  (R  =  Ca,Mg),  sodium  carbonate,  NaoCOgjlOHgO, 
Glauber's  salt,  Na3SO4,10H2O,  and  borax, -N-a7B¥O7,10H2O,  not  only  belong  to  the  same 

/  system  (monoclinic),  but  exhibit  an  analogy  of  combinations  and  a,  nearness  of  corre- 
sponding angles.  These  and  many  other  similar  cases  might  appear  to  be  perfectly 
arbitrary  (especially  as  o.  nearness  oi  angles  and  fundamental  forms  is  a  relative  idea) 
were  there  not  other  cases  where  a  resemblance  of  properties  and  a  distinct  relation 
in  the  variation  of  composition  is  connected  with  a  resemblance  of  form.  Thus, 
for  example,  alumina,  AI2O5,  and  water,  HoO,  are  frequently  found  in  many  pyroxenes 
and  amphiboles  which  only  contain  silica  and  magnesia  (MgO,  CaO,  FeO,  MnO). 
Scheerer  and  Hermann,  and  many  others,  endeavoured  to  explain  such  instances 
hy  poly  metric  isomorphism^  stating  that  MgO  may  be  replaced  by  3HoO  (for  example, 
olivine  and  serpentine),  SiO.^  by  AI2O3  (in  the  amphiboles,  talcs),  and  so  on.  A 
certain  number  of  the  instances  of  this  order  are  subject  to  doubt,  because  many  of  the 
natural  minerals  which  served  as  the  basis  for  the  establishment  of  polymeric 
isomorphism  in  aU  i^robability  no  longer  present  their  original  composition,  but  one 
which  has  been  altered  under  the  influence  of  solutions  which  have  come  into  contact 
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crystalline  mixtures  can  be  experimentally  verified,  this  method  is  a 
numerical  and  measurable  one,  and  in  no  sense  arbitrary. 

with  tliem;  they  therefore  belong  to  the  class  oi  pseud onioi'phs,  or  false  crystals. 
There  is,  however,  no  doubt  of  the  existence  of  a  whole  series  of  natural  and  artificial 
homeomorphs,  which  differ  from  each  other  by  atomic  am,ounts  of  water,  silica,  and  some 
other  component  parts.  Thus,  Thomsen  (187-i)  showed  a  very  striking  instance.  The 
metallic  chlorides,  RCI2,  often  crystallise  with  water,  and  they  do  not  then  contain  less 
than  one  molecule  of  water  per  atom  of  chlorine.  The  most  familiar  representative  of 
the  order  RCl2,2H20  is  BaCUjSH^O,  which  crystallises  in  the  rhombic  system.  Barium 
bromide,  BaBr2,2H20,  and  copper  chloride,  CuCl2,2H20,  have  nearly  the  same  forms 
potassium  iodate,  KIO4 ;  potassium  chlorate,  KCIO4  ;  potassium  permanganate,  KMn04 ; 
barium  sulphate,  BaSO^ ;  calcium  sulphate,  CaS04 ;  sodium  sulphate,  Na^S04;  barium 
formate,  BaC2H204,  and  others  have  almost  the  same  crystalline  form  (of  the  rhombic 
system).  Parallel  with  this  series  is  that  of  the  metallic  chlorides  containing  RClo,4H20, 
of  the  sulphates  of  the  composition  ES04,2H20,  and  the  formates  RC2H204,2H20. 
These  compounds  belong  to  the  monoclinic  system,  have  a  close  resemblance  of  form,  and 
differ  from  the  first  series  by  containing  two  more  molecules  of  water.  The  addition  of  two 
more  molecules  of  water  in  all  the  above  series  also  gives  forms  of  the  monoclinic  system 
closely  resembling  each  other  ;  for  example,  NiCl2,6HoO  and  MnSO^j^HiO.  Hence  we 
see  that  not  only  is  RCl2,2H20  analogous  in  form  to  RSO4  and  RC2H2O4,  but  that  their 
compounds  with  2H2O  and  with  4H2O  also  exhibit  closely  analogous  forms.  From  these 
examples  it  is  evident  that  the  conditions  which  determine  a  given  fonn  may  be  repeated 
not  only  in  the  presence  of  an  isomorphous  exchange — that  is,  with  an  equal  number  of 
atoms  in  the  molecule — but  also  in  the  presence  of  an  unequal  number  when  there  are 
peculiar  and  as  yet  ungeneralised  relations  in  composition.  Thus  ZuO  and  AI2O3 
exliibit  a  close  analogy  of  form.  Both  oxides  belong  to  the  rhombohedral  system,  and 
the  angle  between  the  pyramid  and  the  terminal  plane  of  the  first  is  118°  7',  and  of  the 
second  118°  49'.  Alumina,  AI2O5,  is  also  analogous  in  form  to  Si02,  and  we  shall  see 
that  these  analogies  of  form  are  conjoined  with  a  certain  analogy  in  properties.  It  is 
not  surprising,  therefore,  that  in  the  complex  molecule  of  a  siliceous  compound  it  is 
sometimes  possib]e  to  replace  Si02  by  means  of  AI2O3,  as  Scheerer  admits.  The  oxides 
CU2O,  MgO,  NiO,  Fe504,  Ce02,  crystallise  in  the  regular  system,  although  they  are  of 
very  different  atomic  structure.  Marignac  demonstrated  the  perfect  analogy  of  the 
forms  of  K2ZrF6  and  CaCOg,  and  the  former  is  even  dimorphous,  like  the  calcium  car- 
bonate. The  same  salt  is  isomorphous  with  RgNbOFs  and  B^WOoF^,  where  R  is  an 
alkali  metal.  There  is  an  equivalency  between  CaCOs  and  K^ZrPg,  because  K2  is 
equivalent  to  Ca,  C  to  Zr,  and  Fq  to  O3,  and  with  the  isomorphism  of  the  other  two  salts 
we  find  besides  an  equal  contents  of  the  alkali  metal — an  equal  number  of  atoms 
on  the  one  hand  and  an  analogy  to  the  properties  of  K2ZrFe  on  the  other.  The  long- 
known  isomorphism  of  the  corresponding  compounds  of  potassium  and  ammonium,  KX 
and  NH4X,  may  be  taken  as  the  simplest  example  of  the  fact  that  an  analogy  of  form 
shows  itself  with  an  analogy  of  chemical  reaction  even  without  an  equality  in  atomic 
composition.  Therefore  the  ultimate  progress  of  the  entire  doctrine  of  the  correlation  ( 
of  composition  and  crystalline  forms  will  only  be  arrived  at  with  the  accumulation  of  a 
sufficient  number  of  facts  collected  on  a  plan  corresponding  with  the  pro'Glems  which 
here  present  themselves.  The  first  steps  have  already  been  made.  The  researches  of 
the  Geneva  savant,  Marignac,  on  the  crystalline  fonn  and  composition  of  many  of  the 
double  fluorides,  and  the  work  of  Wyruboff  on  the  ferricyanides  and  other  compounds, 
are  particularly  important  in  this  respect.  It  is  already  evident  that,  with  a  definite 
change  of  composition,  certain  angles  remain  constant,  notwithstanding  that  others  are 
subject  to  alteration.  Such  an  instance  of  the  relation  of  forms  was  observed  by 
Laurent,  and  named  by  him  heviim-orpMsvi  (an  anomalous  term)  when  the  analogy  is 
limited  to  certain  angles,  and  paramorphism  when  the  forms  in  general  approach  each 
other,  but  belong  to  different  systems.     So,  for  example,  the  angle  of  the  planes  of  a 
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The  regularity  and  simplicity  expressed  by  the  exact  laws  of  crystal- 
line form  repeat  themselves  in  the  aggregation  of  the  atoms  to  form 
molecules.  Here,  as  there,  there  are  but  few  forms  which  are  essen- 
tially different,  and  their  apparent  diversity  reduces  itself  to  a  few 
fundamental  diflFerences  of  type.  There  the  molecules  aggregate 
themselves  into  crystalline  forms  ;  here,  the  atoms  aggregate  them- 
selves into  molecular  forms  or  into  the  types  of  comjiounds.  In  both 
cases  the  fundamental  crystalline  or  molecular  forms  are  liable  to 
variations,  conjunctions,  and  combinations.  If  we  know  that  potassium 
gives  compounds  of  the  fundamental  type  KX,  where  X  is  a  univalent 
element  (which  combines  with  one  atom  of  hydrogen,  and  is,  according 
to  the  law  of  substitution,  able  to  replace  it),  then  we  know  the  com- 
position of  its  compounds  :  K.fi,  KHO,  KCl,  NHjK,  KNO3,  K^SO^, 
KHSO4,  KjMg  (S04)2,6H20,  &c.  All  the  possible  derivative  crystal- 
line forms  are  not  known.  So  also  all  the  atomic  combinations  are  not 
known  for  every  element.    Thus  in  the  case  of  potassium,  KCH3,  K3P, 

rhombohedron  may  be  greater  or  less  than  90°,  and  therefore  such  acute  and  obtuse 
rhombohedra  may  closely  approximate  to  the  cube.  Hausmannite,  Mn504,  belongs  to 
the  tetragonal  system,  and  the  planes  of  its  pyramid  are  inclined  at  an  angle  of  about 
118°,  whilst  magnetic  iron  ore,  PesOj,  which  resembles  hausmannite  in  many  respects, 
appears  in  regular  octahedra — that  is,  the  pyramidal  i^lanes  are  inclined  at  an  angle  of 
109°  28'.  This  is  an  example  of  paramorpliism ;  the  systems  are  different,  the  composi- 
tions are  analogous,  and  there  is  a  certain  resemblance  in  form.  Hemimorphisni  has 
been  found  in  many  instances  of  saline  and  other  substitutions.  Thus,  Laurent  demon- 
strated, and  Hintze  confirmed  (187S),  that  naphthalene  derivati"ves  of  analogous  compo- 
sition are  hemimorphous.  Nickles  (1849)  showed  that  in  ethylene  sulphate  the  angle  of 
the  prism  is  125°  26',  and  in  the  nitrate  of  the  same  radicle  126°  95'.  The  angle  of  the 
prism  of  methylamine  oxalate  is  131°  20',  and  of  fluoride,  which  is  very  different  in  com- 
position from  the  former,  the  angle  is  1S2°.  Groth  (1870)  endeavoured  to  indicate  in 
general  what  kinds  of  change  of  form  i^roceed  with  the  substitution  of  hydrogen  by 
various  other  elements  and  groups,  and  he  observed  a  regularity  which  he  termed 
morjjhotropy.  The  following  examples  show  that  morphotropy  recalls  the  hemimorphisni 
of  Laurent.  Benzene,  CgHij,  rhombic  system,  ratio  of  the  axes  0'891  :  1  ;  0'799.  Phenol, 
C6H5(OH),  and  resorcinol,  C6H4(OH).^,  also  rhombic  system,  but  the  ratio  of  one  axis  is 
changed — thus,  in  resorcinol,  0*910  :  1  :  0"540  ;  that  is,  a  portion  of  the  crystalline  struc- 
ture in  one  direction  is  the  same,  but  in  the  other  direction  it  is  changed,  whilst  in  the 
rhombic  system  dinitrophenol,  C6H5(N02)o(0H)  =  O'SSS  :  1  :  0'753 ;  trinitrophenol  (picric 
acid),  CoH2(NO),-,(OH)  =  0-937  :  1  ;  0-971 ;  and  the  potassium  salt  =  0-942  ;  1  :  1-354. 
Here  the  ratio  of  the  first  axis  is  preserved — that  is,  certain  angles  remain  constant, 
and  the  chemical  proximity  of  the  composition  of  these  bodies  is  undoubted.  Laurent 
t  compares  hemimorphism  with  architectural  style.  Thus,  Gothic  cathedrals  diif  er  in  many 
respects,  but  there  is  an  analogy  expressed  both  in  the  sum  total  of  their  common 
relations  and  in  certain  details — for  example,  in  the  windows.  It  is  evident  that  we  may 
expect  many  fruitful  results  for  molecular  mechanics  (which  forms  a  problem  common  to 
many  provinces  of  natural  science)  from  the  further  elaboration  of  the  data  concerning 
those  variations  which  talce  place  in  crystalline  form  when  the  composition  of  a  substance 
is  subjected  to  a  known  change,  and  therefore  I  consider  it  useful  to  point  out  to  the 
student  of  science  seeking  for  matter  tor  independent  scientific  research  this  vast  field  for 
work  which  is  presented  by  the  correlation  of  form  and  composition .  The  geometrical  regu- 
larity and  varied  beauty  of  crystalline  forms  offernosmallattraction  to  research  of  thiskind. 
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KjPt,  and  other  like  compounds  which  exist  for  hydrogen  or  chlo- 
rine, are  unknown. 

Only  a  few  fundamental  types  exist  for  the  building  up  of  atoms 
into  molecules,  and  the  majority  of  them  are  already  known  to  us.  If 
X  stand  for  a  univalent  element,  and  R  for  an  element  combined  with 
it,  then  eight  atomic  types  may  be  observed  : — 

xtX,    iiX.;,     JA/Xg,    XvA.^,    Ja-Xcj,     XV-X-gj    XV-X.^,     JliXg. 

Let  X  be  chlorine  or  hydrogen.  Then  as  examples  of  the  first  type 
we  have  :  H2,  Clj,  HCl,  KCl,  NaCl,  <fec.  The  compounds  of  oxygen  or 
calcium  may  serve  as  examples  of  the  type  RXg  :  OH2,  OCI2,  OHCl, 
CaO,  Ca(0H)2,  CaCl2,  &c.  For  the  third  type  EX3  we  know  the 
representative  NHg  and  the  corresponding  compounds  N2O3,  ]SrO(OH), 
NO(OK),  PCI3,  P2O3,  PH3,  SbH3,  Sb203,  B2O3,  BCI3,  AI2O3,  &c. 
The  type  EXj  is  known  among  the  hydrogen  compounds.  Marsh  gas, 
CH4,  and  its  corresponding  saturated  hydrocarbons,  0„H2„  +  2)  ^'■'"6  the 
best  representatives.  Also  CH3CI,  CCl^,  SiCl^,  SnCl4,  Sn02,  CO.^,  SiOg, 
and  a  whole  series  of  other  compounds  come  under  this  class.  The  type 
RXj  is  also  already  familiar  to  us,  but  there  are  no  purely  hydrogen 
compounds  among  its  representatives.  Sal-ammoniac,  XH4CI,  and 
the  corresponding  NH4(0H),  ]Sr02(0H),  C102(0K),  as  well  as  PCI5, 
POCI3,  (fee,  are  representatives  of  this  type.  In  the  higher  types  also 
there  are  no  hydrogen  compounds,  but  in  the  type  RXg  there  is 
the  chlorine  compound  WClg.  However,  there  are  many  oxygen  com- 
pounds, and  among  them  SO3  is  the  best  known  representative.  To  this 
class  also  belong  kS02(OH)2,  SO2CI2,  S02(0H)C1,  Cr03,  etc.,  all  of  an 
acid  character.  Of  the  higher  types  there  are  in  general  only  oxygen 
and  acid  representatives.  The  type  RX^  we  know  in  perchloric  acid, 
0103(011),  and  potassium  permanganate,  Mn03(0K),  is  also  a  member. 
The  type  RXg  in  a  free  state  is  very  rare  ;  osmic  anhydride,  OSO4,  is 
the  best  known  representative  of  it.^ 

^  The  still  more  complex  combinations — which  are  so  clearly  expressed  in  the 
orystallo-hydrates,  double  salts,  and  similar  compounds — although  they  may  be  regarded 
as  independent,  are,  however,  most  easily  understood  with  our  present  knowledge 
as  aggregations  of  whole  molecules  to  which  there  are  no  corresponding  double  com- 
pounds, containing  one  atom  of  an  element  R  and  many  atoms  of  other  elements  RXh. 
The  above  types  embrace  all  cases  of  direct  combinations  of  atoms,  and  the  formula 
MgS04,7H20  cannot,  without  violating  known  facts,  be  directly  deduced  from  the  types 
MgXji  or  SXn,  whilst  the  formula  DdgSCi  corresponds  both  with  the'  type  of  the 
magnesium  compounds  MgX^  and  with  the  type  of  the  sulphur  compounds  SOgXo,  or  in 
general  SXg,  where  Xg  is  replaced  by  (0H)2,  with  the  substitution  in  this  case  of  H2  by 
the  atom  Mg,  which  always  replaces  Hg.  However,  it  must  be  remarked  that  the 
sodium  crystallo-hydrates  often  contain  IOH2O,  the  magnesium  crystallo-hydrates  6  and 
7H2O,  and  that  the  type  PtM2Xe  is  proper  to  the  double  salts  of  platinum,  &c.  "With 
the  further  development  of  our  knowledge  concerning  crystallo-hydrates,  double  salts, 
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The,  four  lower  types  RX,  RX2,  RX,,  and  RX4  are  met  with  in 
compounds  of  the  elements  R  with  chlorine  and  oxygen,  and  also  in 
their  compounds  with  hydrogen,  whilst  the  four  higher  types  only 
appear  for  such  acid  compounds  as  are  formed  by  chlorine,  oxygen,  and 
similar  elements. 

Among  the  oxygen  compounds  the  saline  oxides  which  are  capable 
of  forming  salts  either  through  the  function  of  a  base  or  through  the 
function  of  an  acid  anhydride  attract  the  greatest  interest  in  every 
respect.  Certain  elements,  like  calcium  and  magnesium,  only  give  one 
saline  oxide — for  example,  MgO,  corresponding  with  the  type  MgXj. 
But  the  majority  of  the  elements  appear  in  several  such  forms.  Thus 
copper  gives  CuX  and  CUX2,  or  CugO  and  CuO.  If  an  element  R 
gives  a  higher  type  RX„,  then  there  often  also  exist,  as  if  by  symmetry, 
lower  types,  RX„_2,  RX„_4,  and  in  general  such  types  as  differ  from 
RX„  by  an  even  number  of  X.  Thus  in  the  case  of  sulphur  the 
types  SXj,  SX4,  and  SXg  are  known — for  example  SHj,  SOg,  and 
SO3.  The  last  type  is  the  highest,  SXj.  The  types  SXj  and  SX3  do 
not  exist.  But  even  and  uneven  types  sometimes  appear  for  one 
and  the  same  element.  Thus  the  types  RX  and  RXj  are  known  for 
copper  and  mercury. 

Among  the  saline  oxides  only  the  eight  types  enumerated  below 
are  known  to  exist.  They  determine  the  possible  formulse  of  the  com- 
pounds of  the  elements,  if  it  be  taken  into  consideration  that  an 
element  which  gives  a  certain  type  of  combination  may  also  give 
lower  types.  For  this  reason  the  rare  type  of  the  suboxides  or 
quaternary  oxides  R4O  (for  instance,  Ag40,  AgjCl)  is  not  characteris- 

alloyB,  solutions,  &c.,  in  the  chemical  sense  of  feeble  compounds  (that  is,  such  as  are 
easily  destroyed  by  feeble  chemical  influences)  it  will  probably  be  possible  to  arriTe  at  a 
perfect  generalisation  for  them.  For  a  long  time  these  subjects  were  only  studied  by  the 
way  or  by  chance ;  our  knowledge  of  them  is  accidental  and  destitute  of  system,  and  there- 
fore it  is  impossible  to  expect  as  yet  any  generalisation  as  to  their  nature.  The  days  of 
Gerhardt  are  not  long  past  when  only  three  types  were  recognised  ;  EX,  EX2,  and  EX^ ; 
the  type  EX4  was  afterwards  added  (by  Cooper,  Kekule',  ButlerofE,  and  others),  mainly  for 
the  purpose  of  generalising  the  data  respecting  the  carbon  compounds.  And  indeed  many 
are  still  satisfied  with  these  types,  and  derive  the  higher  types  from  them  ;  for  instance, 
RX5  from  EX5— as,  for  example,  POCI3  from  PGI5,  considering  the  oxygen  to  be  bound 
both  to  the  chlorine  (as  in  HCIO)  and  to  the  phosphorus.  But  the  time  has  now  arrived 
when  it  is  clearly  seen  that  the  forms  EX,  RSj,  RX3,  and  RX4  do  not  exhaust  the  whole 
variety  of  phenomena.  The  revolution  became  evident  when  "Wui-tz  showed  that  PCI5  is 
not  a  compound  of  PCI3  +  01,  (although  it  may  decompose  into  them),  but  a  whole 
molecule  capable  of  passing  into  vapour,  PCI5  like  PP5  and  81^4.  -The  time  for  the 
recognition  of  types  even  higher  than  RXj  is  in  my  opinion  in  the  future  ;  that  it  will 
come,  we  can  already  see  in  the  fact  that  oxalic  acid,  C2H2O4,  gives  a  crystallo- 
hydrate  with  2HjO ;  but  it  may  be  referred  to  the  type  CH4,  or  rather  to  the  type  of 
ethane,  CjHe,  in  which  all  the  atoms  of  hydrogen  are  replaced  by  hydroxyl,  C.7H,042H20 
=  C2(OH)6  (see  Chapter  XXII.,  Note  35). 
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tic  ;  it  is  always  accompanied  by  one  of  the  higher  grades  of  oxidatioii, 
and  the  compounds  of  this  type  are  distinguished  by  their  great 
chemical  instability,  and  split  up  into  an  element  and  the  higher  com- 
pound (for  instance,  Ag.jO=2Ag  +  Ag20).  Many  elements,  moreover, 
form  transition  oxides  whose  composition  is  intermediate,  which  are 
able,  like  NjO^,  to  split  up  into  the  lower  and  higher  oxides.  Thus 
iron  gives  magnetic  oxide,  ^6304,  which  is  in  all  respects  (by  its  re- 
actions) a  compound  of  the  suboxide  PeO  with  the  oxide  FejOg.  The 
independent  and  more  or  less  stable  saline  compounds  correspond  with 
the  following  eight  types  : — 

RjO  ;    salts  UX,  hydroxides  RC)H.     Generally  basic  like  K2O,  Na^O, 

Hg^O,  AgaO,  CujO  ;  if  there  are  acid  oxides  of  this  composition  they 

are  very  rare,  are  only  formed  by  distinctly  acid  elements,  and  even 

then  have  only  feeble  acid  properties  ;  for  example,  CI2O  andNjO. 

R2O2  or  RO  ;  salts  RXj,  hydroxides  R(0H)2.     The  most  simple  basic 

salts  R2OX2  orE(OH)X  ;  for  instance,  the  chloride  ZnjOClj  ;  also 

an  almost  exclusively  basic  type  ;  but  the  basic  properties  are  more 

feebly  developed  than  in  the  preceding  type.     For  example,  CaO 

MgO,  BaO,  PbO,  FeO,  MnO,  <fec. 

R2O3  ;  salts  RX3,  hydroxides  R(0H)3,  RO(OH),  the  most  simple  basic 

salts  ROX,  R(0H)X3.     The  bases  are  feeble,  like  AI2O3,  FejOj, 

TljOg,  Sb203.     The  acid  properties  are  also  feebly  developed  ;  for 

instance,  in  B2O3  ;  but  with  the  non-metals  the  properties  of  acids 

are  already  clear  ;  for  instance,  P^Oj,  P(0H)3. 

R2O4  or  RO2  ;  salts  RX4  or  ROXj,  hydroxides  R(0H)4,  R0(0H)2. 

Rarely  bases  (feeble),  like  Zr02,  Pt02  ;  more  often  acid  oxides  ; 

but  the  acid  properties  are   in  general  feeble,  as  in   CO2,   SOj, 

SnOj.    Many  intermediate  oxides  appear  in  this  and  the  preceding 

and  following  types. 

R2O5  ;    salts   principally    of    the    types    ROX3,     RO.X,    R0(0H)3, 

R02(0H),    rarely    RX5,       The    basic    character   (X,    a   halogen, 

simple  or  complex  ;  for  instance,  NO3,  CI,  &c.)  is  feeble  ;  the  acid 

character  predominates,  as  is  seen  in  N2O5,  P2O5,  CljOj  ;  then 

X=OH,  OK,  (fee,  for  example  N02(0K). 

RgOg  or  RO3  ;    salts  and   hydroxides  generally  of   the  type  RO2X2, 

R02(OH)2.     Oxides  of  an  acid  character,  as  SO3,  CrOg,  MnOj. 

Basic  properties  rare  and  feebly  developed  as  in  UO3. 

R2O7 ;  salts  of  the  form  RO3X,  R03(0H),  acid  oxides  ;  for  instance, 

CljOy,  MujO,.     Basic  properties  as  feebly  developed  as  the  acid 

properties  in  the  oxides  R2O. 

RjOg  or   RO4.     A    very  rare   type,  and   oidy    known    in    OsOj    and 
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It  is  evident  from  the  circumstance  that  in  all  the  higher  types 
the  acid  hydroxides  (for  example,  HCIO4,  H2SO4,  H3PO4)  and  salts 
with  a  single  atom  of  one  element  contain,  like  the  higher  saline 
type  ROj,  not  more  than  four  atoms  of  oxygen  ;  that  the  formation 
of  the  saline  oxides  is  governed  by  a  certain  common  principle  which 
is  best  looked  for  in  the  fundamental  properties  of  oxygen,  and  in 
general  of  the  most  simple  compounds.  The  hydrate  of  the  oxide 
RO2  is  of  the  higher  type  RO22H2O  =  RHjO^  =  R(H0)4.  Such, 
for  example,  is  the  hydrate  of  silica  and  the  salts  (orthosilicates) 
corresponding  with  it,  Si(M0)4.  The  oxide  R20.^  corresponds  with 
the  hydrate  Vi^OfiYL^O  =  2RH3O4  =  2RO(OH)3.  Such  is  ortho- 
phosphoric  acid,  -PKjOj.  The  hydrate  of  the  oxide  RO3  is 
R03H20=RH204^R02(OH)2 — for  instance,  sulphuric  acid.  The 
hydrate  corresponding  to  R^O,  is  evidently  RH0=R03(0H) — 
for  example,  perchloric  acid.  Here,  besides  containing  O4,  it 
must  further  be  remarked  that  the  amount  of  hydrogen  in  the  hydrate 
is  equal  to  the  amount  of  hydrogen  in  the  hydrogen  compound.  Thus 
silicon  gives  SiH4  and  SiH404,  phosphorus  PH3  and  PH3O4,  sulphur 
SH2  and  SH2O4,  chlorine  CIH  and  CIHO4.  This,  if  it  does  not 
explain,  at  least  connects  in  a  harmonious  and  general  system  the 
fact  that  the  elements  are  ca^jable  of  combining  with  a  greater  amount  of 
oxygen,  the  less  the  amount  of  hydrogen  which  they  are  able  to  retain. 
In  this  the  key  to  the  comprehension  of  all  further  deductions  must  be 
looked  for,  and  we  will  therefore  formulate  this  rule  in  general  terms. 
An  element  R  gives  a  hydrogen  compound  RH„,  the  hydrate  of  its 
higher  oxide  will  be  RH„04,  and  therefore  the  higher  oxide  will  contain 
2RH„04  — reH20=R20j_,|.  Por  example,  chlorine  gives  CIH,  hydrate 
CIHO4,  and  the  higher  oxide  CljOy.  Carbon  gives  CH4  and  CO2. 
So  also,  SiOj  and  SiH4  are  the  higher  compounds  of  silicon  with 
hydrogen  and  oxygen,  like  COj  and  CH4.  Here  the  amounts  of  oxygen 
and  hydrogen  are  equivalent.  Nitrogen  combines  with  a  large  amount 
of  oxygen,  forming  ^265,  but,  on  the  other  hand,  with  a  small  quantity 
of  hydrogen  in  lsrH3.  The  sum  of  the  equivalents  of  hydrogen  and 
■oxygen,  occurring  in  combination  with  an  atom  of  nitrogen,  is,  as 
always  in  the  higher  types,  equal  to  eight.  It  is  the  same  with  the 
other  elements  which  combine  with  hydrogen  and  oxygen.  Thus 
sulphur  gives  SO3  ;  consequently,  six  equivalents  of  oxygen  fall  to  an 
atom  of  sulphur,  and  in  SH2  two  equivalents  of  hydrogen.  The  sum 
is  again  equal  to  eight.  The  relation  between  CI2O7  and  CIH  is  the 
same.  This  shows  that  the  property  of  elements  of  combining  with 
such   different   elements  as  oxygen  and  hydrogen    is  subject  to   one 
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common  law,  which  is  also  formulated  in  the  system  of  the  elements 
presently  to  be  described.' 

In  the  preceding  we  see  not  only  the  regularity  and  simplicity 
which  govern  the  formation  and  properties  of  the  oxides  and  of  all  the 
compounds  of  the  elements,  but  also  a  fresh  and  exact  means  for 
recognising  the  analogy  of  elements.  Analogous  elements  give  com- 
pounds of  analogous  types,  both  higher  and  lower.  If  COj  and  SOj  are 
two  gases  which  closely  resemble  each  other  both  in  their  physical  and 
chemical  properties,  the  reason  of  this  must  be  looked  for  not  in  an 
analogy  of  sulphur  and  carbon,  but  in  that  identity  of  the  type 
of  combination,  IIX4,  which  both  oxides  assume,  and  in  that  in- 
fluence which  a  large  mass  of  oxygen  always  exerts  on  the  properties 
of  its  compounds.  In  fact,  there  is  little  resemblance  between  carbon 
and  sulphur,  as  is  seen  not  only  from  the  fact  that  COj  is  the  higher 
form  of  oxidation,  whilst  SO2  is  able  to  further  oxidise  into  SO3,  but 
also  from  the  fact  that  all  the  other  compounds — for  example,  SH2  and 
CH4,  SCI2  and  CCI4,  etc. — are  entirely  unlike  both  in  type  and  in 
chemical  properties.  This  absence  of  analogy  in  carbon  and  sulphur 
is  especially  clearly  seen  in  the  fact  that  the  highest  saline  oxides 
are  of  different  composition,  CO2  for  carbon,  and  SO3  for  sulphur.     In 

'  The  hydrogeu  compounds,  RgH,  in  equivalency  correspond  witli  the  type  of  the 
suboxides,  il40.  Palladium,  sodium,  and  potassium  give  such  hydrogen  compounds, 
and  it  is  worthy  of  remark  that  according  to  the  periodic  system  these  elements  stand 
near  to  each  other,  and  that  in  those  gi'oups  where  the  hydrogen  compounds  R.,H  appear, 
the  quaternary  oxides  K4O  are  also  present. 

Not  wishing  to  comphcate  the  explanation,  I  here  only  touch  on  the  general  features 
of  the  relation  between  the  hydrates  and  oxides  and  of  the  oxides  among  themselves. 
Thus,  for  instance,  the  conception  of  the  ortho-acids  and  of  the  normal  acids  will  be 
considered  in  speaking  of  phosphoric  and  phosphorous  acids. 

As  in  the  further  explanation  of  the  periodic  law  only  those  oxides  which  give  salts 
will  be  considered,  I  think  it  will  not  be  superfluous  to  mention  here  the  following  facts 
relative  to  the  peroxides.  Of  the  peroxides  corresponding  with  hydrogen  peroxide,  the 
following  are  at  present  known :  HjCi,  Na202,  S0O7  (as  HSO4  ?),  K.jOj,  K.,0.,,  CaOo, 
TiOj,  Cr^O,,  CuOaC?),  ZnO„  Hb.jO,,  SrOj,  AgjOa,  CdO-,,  CsOo,  Cs.,o'.,,  Ba6j,'Mo207, 
SnO.-„  W2O7,  UO4.  It  is  probable  that  the  number  of  peroxides  will  increase  with 
further  investigation.  A  periodicity  is  seen  in  those  now  known,  for  the  elements 
(excepting  Li)  of  the  first  group,  which  give  R.2O,  form  peroxides,  and  tlien  the  elements 
of  the  sixth  group  seem  also  to  be  particularly  inclined  to  form  peroxides,  E2O7 ;  but  at 
present  it  is  too  early,  in  my  opinion,  to  enter  upon  a  generalisation  of  this  subject,  not 
only  because  it  is  a  new  and  but  little  studied  matter  (not  investigated  for  all  the 
elements),  but  also,  and  more  expecially,  because  in  many  instances  only  the  hydrates 
are  known — for  instance,  Mo^H^Oa — and  they  perhaps  are  only  compounds  of  peroxide 
of  hydrogen — forexample,  Mo2H.,08  =  2M0O3  -I-  H2O2 — since  Prof.  Schonehas  shown  that 
H2O2  and  BaOj  possess  the  property  of  combining  together  and  with  other  oxides. 
Nevertheless,  I  have,  in  the  general  table  expressing  the  periodic  properties  of  the 
elements,  endeavoured  to  sum  up  the  data  respecting  all  the  known  peroxide  compounds 
whose  characteristic  property  is  seen  in  their  capability  to  form  eroxide  of  hydrogen 
under  many  circumstances. 
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Chapter  VIII.  we  considered  the  limit  to  which  carbon  tends  in 
its  compounds,  and  in  a  similar  manner  there  is  for  every  element  in 
its  compounds  a  tendency  to  attain  a  certain  highest  limit  RX„.  This 
view  was  particularly  developed  in  the  middle  of  the  present  century 
by  Frankland  in  studying  the  metallo-organic  compounds,  i.e.  those  in 
which  X  is  wholly  or  partially  a  hydrocarbon  radicle  ;  for  instance, 
X=Ca3  orCjHjctc.  Thus,  for  example,  antimony,  Sb  (Chapter  XIX.) 
gives,  with  chlorine,  compounds  SbCj-and  SbCl.,  and  corresponding 
oxygen  compounds  Sb.^Oj  and  SbjOj,  whilst  under  the  action  of  CH3I, 
CjHcT,  or  in  general  EI  (where  E  is  a  hydrocarbon  radicle  of  the 
paraffin  series),  upon  antimony  or  its  alloy  with  sodium  there  ai-e 
formed  SbEj  (for  example,  Sb(CH3)3,  boiling  at  about  81°),  which, 
corresponding  to  the  lower  form  of  combination  SbXj,  are  able  to 
combine  further  with  EI,  or  Clj,  or  O,  and  to  form  compounds  of  the 
limiting  type  SbX,  ;  for  example,  SbEjCl  corresponding  to  NH4CI  with 
the  substitution  of  nitrogen  by  antimony,  and  of  hydrogen  by  the 
hydrocarbon  radicle.  The  elements  which  are  most  chemically  analogous 
are  characterised  by  the  fact  of  their  giving  compounds  of  similar  form 
RX,,.  The  halogens  which  are  analogous  give  both  higher  and  lower 
compounds.  So  also  do  the  metals  of  the  alkalis  and  of  the  alkaline 
earths.  And  we  saw  that  this  analogy  extends  to  the  composition  and 
properties  of  the  nitrogen  and.  hydrogen  compounds  of  these  metals, 
which  is  best  seen  in  the  salts.  Many  such  groups  of  analogous 
elements  have  long  been  known.  Thus  there  are  analogues  of  oxygen, 
nitrogen,  and  carbon,  and  we  shall  meet  with  many  such  groups.  But 
an  acquaintance  with  them  inevitably  leads  to  the  questions,  what 
is  the  cause  of  analogy  and  what  is  the  relation  of  one  group  to 
another  ?  If  these  questions  remain  unanswered,  it  is  easy  to  fall  into 
error  in  the  formation  of  the  groups,  because  the  notions  of  the  degree 
of  analogy  will  always  be  relati'^'e,  and  will  not  present  any  accuracy 
or  distinctnesss.  Thus  lithium  is  analogous  in  some  respects  to 
potassium  and  in  others  to  magnesium  ;  beryllium  is  analogous  to 
both  aluminium  and  magnesium.  Thallium,  as  we  shall  afterwards 
see  and  as  was  observed  on  its  discovery,  has  much  kinship  with 
lead  and  mercury,  but  some  of  its  properties  appertain  to  lithium  and 
potassium.  Naturally,  where  it  is  impossible  to  make  measurements 
one  is  reluctantly  obliged  to  limit  oneself  to  approximate  compari- 
sons, founded  on  apparent  signs  which  are  not  distinct  and  are  wanting 
f  in  exactitude.  But  in  the.  elements  there  is  one  accurately  measurable 
property,  which  is  subject  to  no  doubt — namely,  that  property  which  is 
expressed  in  their  atomic  weights.  Its  magnitude  indicates  the  rela- 
tive mass  of  the  atom,  or,  if  we  avoid  the  conception  of  the  atom,  its 
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magnitude  shows  the  relation  between  the  masses  forming  the  chemical 
and  independent  individuals  or  elements.  And  according  to  the  teach- 
ing of  all  exact  data  about  the  phenomena  of  nature,  the  mass  of  a  sub- 
stance is  that  property  on  which  all  its  remaining  properties  must  be 
dependent,  because  they  are  all  determined  by  similar  conditions  or 
by  those  forces  which  act  in  the  weight  of  a  substance,  and  this  is 
directly  proportional  to  its  mass.  Therefore  it  is  most  natural  ts6  seek 
for  a  dependence  between  the  properties  and  analogies  of  the  elements 
on  the  one  hand  and  their  atomic  weights  on  the  other. 

This  is  the  fundamental  idea  which  leads  to  arranging  all  tJie 
elements  according  to  their^  atomic  iveights.  A  periodic  repetition  of  pro- 
perties is  then  immediately  observed  in  the  elements.  We  are  already 
familiar  with  examples  of  this  ; — 

F  =19,  01=35-5,  Br=80,  I  =127, 

]Sra=23,  K=39,  Rb=85,  Cs=133, 

Mg=24,  Ca=40,  Sr  =87,  Ba  =  137. 

The  essence  of  the  matter  is  seen  in  these  groups.  The  halogens 
have  smaller  atomic  weights  than  the  alkali  metals,  and  the  latter 
than  the  metals  of  the  alkaline  earths.  Therefore,  if  all  the  elements 
be  arranged  in  the  order  of  their  atomic  weights,  a  periodic  repetition 
of  properties  is  obtained.  This  is  expressed  by  the  la-w  of  periodicity , 
the  properties  of  the  elements,  as  veil  as  the  forms  and  properties 
of  their  compounds,  are  in  periodic  dependence  or  {expressing  our- 
selves algebraically)  form  a  periodic  function  of  the  atomic  weights  of 
the  elements.^     Table  I.  of  the  periodic  system  of  the  elements,  which  is 

8  The  periodic  l9,w  and  the  periodic  system  of  the  elements  appeared  in  the  same 
form  as  here  given  in  the  first  edition  of  this  work,  begun  in  1868  and  finished  in  1871. 
In  laying  out  the  accumulated  information  respecting  the  elements,  I  had  occasion  to 
refiect  on  their  mutual  relations.  At  the  beginning  of  1869  I  distributed  among  many 
chemists  a  pamphlet  entitled  '  An  Attempted  System  of  the  Elements,  based  on  their 
Atomic  "Weights  and  Chemical  Analogies,'  and  at  the  March  meeting  of  the  Eussian 
Chemical  Society,  1869, 1  communicated  a  paper '  On  the  Correlation  of  the  Properties  and 
Atomic  "Weights  of  the  Elements.'  The  substance  of  this  paper  is  embraced  in  the  follow- 
ing conclusions  ;  (1)  The  elements,  if  arranged  according  to  their  atomic  weights,  exhibit  an 
evident  periodicity  of  properties.  (2)  Elements  which  are  similar  as  regards  their 
chemical  properties  have  atomic  weights  which  are  either  of  nearly  the  same  value 
(platinum,  iridium,  osmium)  or  which  increase  regularly  {e.g.  potassium,  rubidium,  ciesinm) . 
(3)  The  arrangement  of  the  elements  or  of  groups  of  elements  in  the  order  of  their 
atomic  weights  corresponds  with  their  so-called  valencies.  (4)  The  elements,  which  are 
the  most  widely  distributed  in  nature,  have  small  atomic  weights,  and  all  the  elements 
of  small  atomic  weight  are  characterised  by  sharply  defined  properties.  They  are 
therefore  typical  elements.  (5)  The  magnitude  of  the  atomic  weight  determines  the 
character  of  an  element.  (6)  The  discovery  of  many  yet  unknown  elements  may  be 
expected.  For  instance,  elements  analogous  to  aluminium  and  silicon,  whose  atomic 
weights  would  be  between  65  and  75.  (7)  The  atomic  weight  of  an  element  may  some- 
times be   corrected  by  aid  of  a  knowledge  of  those  of  the  adjacent  elements.     Thus 
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placed  at  the  very  beginning  of   this  book,  is  designed  to  illustrate 

this   law.       It   is    arranged   in    conformity   with    the    eight    types   of 

oxides  described  in  the  preceding  pages,  and  those  elements  which  give 

the  oxides,  B,/)  and  consequently  salts  RX,  form  the  1st  group  ;  the 

elements  giving  E/Jj  or  RO  as  their  highest  grade  of  oxidation  belong 

to  the  2nd  group  ;  those  giving  R2O3  as  their  highest  oxides  form  the 

3rd  group,  and  so  on  ;  whilst  the  elements  of  all  the  groups  which  are 

nearest  in  their  atomic  weights  are  arranged  in  series  from   1  to  12. 

The  even  and  uneven  serias  of  the  same  groups  present  the  same  forms 

and  limits,  but  differ  in  their  properties,  and  therefore  two  contiguous 

series,  one  even  and  the  other  uneven — for  instance,  the  4tli  and  6th — 

form  a  period.     Hence  the  elements  of  the  4th,  6th,  8th,  10th,  and  12th, 

or  of  the  3rd,  5th,  7th,  9th,  and   11th,  series  form  analogues,  like  the 

halogens,  the  alkali  metals,  etc.    The  conjunction  of  two  series,  one  even 

the  combining  weight  of  tellurium  must  lie  between  128  and  126,  and  cannot  be  128. 
(8)  Certain  characteristic  properties  of  the  elements  can  be  foretold  from  their  atomic 
weights. 

•  The  entire  periodic  law  is  included  in  these  lines.  In  the  series  of  subsequent  papers 
(18VU-72,  for  example,  in  the  Transactions  of  the  Bussian  Chemical  Society,  of  the 
Moscow  Meeting  of  Naturalists,  of  the  St.  Petersburg  Academy,  and  Liebig's  Annaleii)  on 
the  same  subject  we  only  find  applications  of  the  same  principles,  which  were  afterwards 
confirmed  by  the  labours  of  Roscoe,  Carnelley,  Thorpe,  and  others  in  England ;  of  Bam- 
melsberg  (cerium  and  uranium),  L.  Meyer  (the  specific  volumes  of  the  elements), 
Zimmermann  (uranium),  and  more  especially  of  C.  Winkler  (who  discovered  germanium, 
and  showed  its  identity  with  ekasilicon),  and  others  in  Germany ;  of  Lecoq  de  Bois- 
baudran  in  France  (the  discoverer  of  gallium  =  ekaaluminium) ;  of  Clove  (the  atomic 
weights  of  the  cerium  metals),  Nilson  (discoverer  of  scandium  =  ekaboron),  and  Nilson 
and  Pettersson  (determination  of  the  rapom-  density  of  beryllium  chloride]  in  Sweden ; 
and  of  Brauner  (who  investigated  cerium,  and  determined  the  combining  weight  of 
tellurium  =  125)  in  Austria,  and  Piccini  in  Italy. 

f  I  consider  it  necessary  to  state  that,  in  arranging  the  periodic  system  of  the  elements, 
I  made  use  of  the  previous  researches  of  Dumas,  Gladstone,  Pettenkofer,  Kremers,  and 
Lenssen  on  the  atomic  weights  of  related  elements,  but  I  was  not  acquainted  with  the 

I  works  preceding  mine  of  De  Chancourtois  {vis  tellurique,  or  the  spiral  of  the  elements 
according  to  their  properties  and  equivalents)  in  France,  and  of  J.  Newlands  (Law  of 
Octaves— for  instance,  H,  F,  CI,  Co,  Br,  Pd,  I,  Pt  form  the  first  octave,  and  0,  S,  Fe, 
Se,  Eh,  Te,  Au,  Th  the  last)  in  England,  although  certain  germs  of  the  periodic  law  are 
to  be  seen  in  these  works.  With  regard  to  the  work  of  Prof.  Lothar  Meyer  respecting 
the  periodic  law  (Notes  12  and  13),  it  is  evident,  judging  from  the  method  of  investi- 
.  gation,  and  from  his  statement  (Liebig's  Annalen,  Supt.  Band  7,  1870,  354),  at  the  very 
commencement  of  which  he  cites  my  paper  of  1869  above  mentioned,  that  he  accepted 
^  the  periodic  law  in  the  form  which  I  proposed. 

In  concluding  this  historical  statement  I  consider  it  well  to  observe  that  no  law 
of  nature,  however  general,  ^  been  established  all  at  once ;  its  recognition  is  always 
preceded  by  many  hints  ;  th^stablislrment  of  a  law,  however,  does  not  take  place  when 
its  significance  is  recognised,  but  only  when  it  has  been  confirmed  by  experiment,  which 
the  man  of  science  must  consider  as  the  only  proof  of  the  correctness  of  his  conjectures 

;  and  opinions.  I  therefore,  for  my  part,  look  upon  Eoscoe,  De  Boisbaudran,  Nilson, 
Winkler,  Brauner,  Carnelley,  Thorpe,  and  others  who  verified  the  adaptability  of  the 
periodic  law  to  chemical  facts,  as  the  true  founders  of  the  periodic  law,  the  further  de- 
velopment of  which  still  awaits  fresli  workers. 
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and  one  contiguous  uneven  series,  thus  forms  one  large  period.  These 
periods,  beginning  with  the  alkali  metals,  end  with  the  halogens.  The 
elements  of  the  first  two  series  have  the  lowest  atomic  weights,  and  in 
consequence  of  this  very  circumstance,  although  they  bear  the  general 
properties  of  a  group,  they  still  show  many  peculiar  and  independent 
properties.^  Thus  fluorine,  as  we  know,  differs  in  many  points  from 
the  other  halogens,  and  lithium  from  the  other  alkali  metals,  and 
so  on.  These  lightest  elements  may  be  termed  typical  elements.  They 
include — 

H. 

Li,  Be,  B'  C,  N,  0,  P. 

Na,  Mg  .   .   .   . 

In  the  annexed  table  all  the  remaining  elements  are  arranged,  not 
in  groups  and  series,  but  according  to  periods.  In  order  to  under- 
stand the  essence  of  the  matter,  it  must  be  remembered  that  here  the 
atomic  weight  gradually  increases  along  a  given  line  ;  for  instance,  in 
the  line  commencing  with  K  =  39  and  ending  with  Br=80,  the  inter- 
mediate elements  have  intermediate  atomic  weights,  as  is  clearly  seen 
in  Table  III.,  where  the  elements  stand  in  the  order  of  their  atomic 
weights. 

I.      II.      III.   IV.     v.     VI.     VII.  I. 

Even  Series. 


11. 

III. 

IV. 

V. 

VI. 

VII. 

Mg 

Al 

Si 

P 

S 

CI 

Zn 

Ga 

Go 

As 

Se 

Br 

Cd 

In 

Sn 

Sb 

Te 

I 

K   Ca   Sc   Ti   V   Cr   Mn   Fe   Co   Ni   Cu   Zn 
Rb  Sr  Y    Zr  Nb  Mo   —  Ru  Rh  Pd  Ag  Cd 

CsBaLa   Ce   Di? — _     _    _     _    _ 

Yb  —   Ta     W  —    Os    Ir    Pt   Au  Hg    TI     Pb   Bi    —    — 

Th  —    U — -^. ' 

uuevea  Series. 

The  same  degree  of  analogy  that  we  know  to  exist  between  potassium, 
rubidium,  and  cpesium  \  or  chlorine,  bromine,  and  iodine  ;  or  calcium, 
strontium,  and  barium,  also  exists  between  the  elements  of  the  other 
vertical  columns.  Thus,  for  example,  zinc,  cadmium,  and  mercury, 
which  are  described  in  the  following  chapter,  present  a  very  close 
analogy  with  magnesium.     For  a  true  comprehension  of  the  matter  ^^  it 

^  This  resembles  the  fact,  well  known  to  those  having  an  acquaintance  with  organic 
chemistry,  that  in  a  series  of  homologues  (Chapter  VIII.)  the  first  members,  in  which 
there  is  the  least  carbon,  although  showing  the  general  properties  of  the  homologous 
series,  still  present  certain  distinct  peculiarities.  ^ 

1"  Besides  arranging  the  elements  (a)  in  a  successive  order  according  to  their  atomic 
weights,  with  indication  of  their  analogies  by  showing  some  of  the  properties — for 
instance,  their  power  of  giving  one  or  another  form  of  combination — both  of  the  ele?iie7its 
and  of  their  compounds  (as  is  done  in  Table  III.  and  in  the  table  on  p.  30),  (b)  accord- 
ing to  periods  (as  in  Table  I.  at  the  commencement  of  volume  I.  after  the  preface), 
and  (c)  according  to  groups  and  series  or  small  iDeriods  (as  in  the  same  tables),  I  am 

c  2 
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is    very    important    to  see    that    all   the    aspects    of    the    distribution 
of  the  elements  according  to  their  atomic  weights  essentially  express 

acquainted  with  the  following  methods  of  expressing  the  periodic  relations  of  the  elements : 
(1)  By  a  cur\'e  drawn  tlu'ough  points  obtained  in  the  following  manner:  The  elements 
are  arranged  along  the  horizontal  axis  as  abscissse  at  distances  from  zero  proportional  to 
their  atomic  \^-eights,  whilst  the  values  for  all  the  elements  of  some  property — for  example, 
the  specific  volumes  or  the  melting  points,  are  expressed  by  the  ordinates.  This  method, 
although  graphic,  has  the  theoretical  disadvantage  that  it  does  not  in  any  way  indicate 
the  existence  of  a  limited  and  definite  number  of  elements  in  each  period.  There  is 
nothing,  for  instance,  in  this  method  of  expressing  the  law  of  periodicity  to  show  that 
between  magnesium  and  aluminium  there  can  be  no  other  element  with  an  atomic  weight 
of,  say,  25,  atomic  volume  13,  and  in  general  having  properties  intermediate  between  those 
of  these  two  elements.  The  actual  periodic  law  does  not  correspond  with  a  continuous 
change  of  properties,  with  a  coutinuous  variation  of  atomic  weight — in  a  word,  it  does 
not  express  an  uninterrupted  function — and  as  the  law  is  purely  chemical,  starting  fi-om 
the  conception  of  atoms  and  molecules  which  combine  in  multiple  proportions,  with 
intervals  (not  continuously),  it  above  all  depends  on  there  being  but  few  types  of  com- 
pounds, which  are  arithmetically  simple,  repeat  themselves,  and  offer  no  uninterrupted 
transitions,  so  that  each  period  can  only  contain  it  definite  number  of  m.embers. 
For  this  reason  there  can  be  no  other  elements  ^between  magnesimn,  which  gives  the 
cliloride  MgClj,  and  aluminium,  wliich  forms  AIX^  ;  there  is  a  break  in  the  continuity, 
according  to  the  law  of  multiple  proportions.  The  periodic  law  ought  not,  therefore,  to 
be  expressed  by  geometrical  figures  in  which  continuity  is  always  understood.  Owing  to 
these  considerations  I  never  have  and  never  will  express  the  periodic  relations  of  the 
elements  by  any  geometrical  figures.  ("2)  By  a  plane  spiral.  Radii  are  traced  from  a 
centre,  proportional  to  the  atomic  weights  ;  analogous  elements  lie  along  one  radius,  and 
the  points  of  intersection  are  arranged  iil  a  spiral.  This  method,  adopted  by  De 
Chancourtois,  Baumgauer,  E.  Huth,  and  others,  has  many  of  the  imperfections  of  the 
preceding,  although  it  removes  the  indefiniteness  as  to  the  number  of  elements  in  a  period. 
It  is  merely  an  attempt  to  reduce  the  complex  relations  to  a  simple  graphic  represen- 
tation, since  the  equation  to  the  spiral  and  the  number  of  radii  are  not  dependent  upon 
.  anything.  (3)  By  the  lines  of  atomicity,  either  parallel,  as  in  Reynolds's  and  the  Rev. 
S.  Haughton's  method,  or  as  in  Crookes's  method,  arranged  to  the  right  and  left  of  an 
axis,  along  wliich  the  magnitudes  of  the  atomic  weights  are  counted,  and  the  position 
of  the  elements  marked  off,  on  the  one  side  the  members  of  the  even  series  (para- 
magnetic, like  oxygen,  potassium,  iron),  and  on  the  other  side  the  members  of  the 
uneven  series  (diamagnetic,  like  sulphui',  chlorine,  zinc,  and  mercury).  On  joining  up 
these  points  a  periodic  curve  is  obtained,  compared  by  Crookes  to  the  oscillations  of  a 
X>endulum,  and,  according  to  Haughton,  representing  a.  cubical  curve.  This  method 
would  be  very  grai)hic  did  it  not  require,  for  instance,  that  sulphur  should  be  con- 
sidered as  bivalent  and  manganese  as  univalent,  although  neither  of  these  elements  gives 
stable  derivatives  of  these  natures,  and  although  the  one  is  taken  on  the  basis  of  the 
lowest  possible  comiDound  SXo,  and  the  other  of  the  highest,  because  manganese  can  be 
refeiTed  to  the  univalent  elements  only  by  the  analogy  of  KMn04  to  KCIO4.  Further- 
more, Reynolds  and  Crookes  place  hydrogen,  iron,  nickel,  cobalt,  and  others  outside  the 
axis  of  atomicity,  and  consider  uranium  as  bivalent  without  the  least  foundation.  (4) 
Rfintsheff  endeavoured  to  classify  the  elements  in  their  periodic  relations  by  a  system 
dependent  on  solid  geometiJ||pe  communicated  this  mode  of  expression  to  the  Russian 
Chemical  Society,  but  hi^PSimunication,  which  is  apparently  not  void  of  interest, 
has  not  yet  appeared  in  print.  (5)  By  algebraic  fo7-7nulce  :  for  example,  E.  J.  Mills 
(1886)  endeavours  to  express  all  the  atomic  weights  by  the  logaritlimic  fimction 
A  =  15  {n-0-9o'75t),  in  which  the  variables  ?i  and  t  are  whole  numbers.  For  instance,  for 
oxygen  ?t  =  2,  ^  =  1 ;  hence  A= 15-04;  for  antimony  7i  =  9,  t  =  0;  whence  A  =  120,  ajid  so  on. 
7?,  varies  from  1  to  IG  and  t  from  0  to  59.  The  analogues  are  hardly  distinguishable  by 
this  method :  thus  for  chlorine  the  magnitudes  of  n  and  t  are  3  and  7 ;  for  bromine  6  and  0 ; 
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one  and  the  same  fundamental  depende-nce — periodic  j/rop'srllev.^^  The 
following  points  then  must  be  remarked  in  it. 

for  iodine  9  and  9  ;  for  potassium  3  and  14  ;  for  rubidium  G  and  18  ;  for  ctesium  9  and  20  ; 
but  a  certain  regularity  seems  to  be  shown.  (6)  A  more  natural  method  of  expressing 
the  dependence  of  the  properties  of  elements  on  tlieir  atomic  weights  is  obtained  by 
trigonometrical  functions,  because  this  dependence  is  periodic  Hke  the  functions  of  trigo- 
nometrical lines,  and  therefore  Ridberg  in  Sweden  (Lund,  iy85)  and  F.  Flavitzky  in  Russia 
(Kazan,  1887)  have  adopted  a  similar  method  of  expression,  which  must  be  considered 
as  worthy  of  being  worked  out,  although  it  does  not  express  the  absence  of  intermediate 
elements — for  instance,  between  magnesium  and  almninium,  which  is  essentially  the 
most  important  part  of  the  matter.  (7)  The  investigations  of  B.  N.  Tchitcht'rin  (1888, 
Journal  of  the  Bttssian  Physical  and  Chemical  Socict/j)  form  the  first  effort  in  the 
latter  direction.  He  carefully  studied  the  alkali  metals,  and  discovered  the  following 
simple  relation  between  their  atomic  volumes :  they  can  all  be  expressed  by  A  (2—  O'Oi'JHA/; ), 
where  A  is  the  atomic  weight  and  n  =  J  for  lithium  and  sodium,  -^  for  potassium,  ^  for 
rubidium,  and  f  for  csesium.  If  n  always  =  1,  then  the  volume  of  the  atom  would 
become  zero  at  A  =  46f,  and  would  reach  its  maximum  when  A=2o-t,  and  the  density 
increases  with  the  growth  of  A.  In  order  to  explain  the  variation  of  ii,  and  the  relation  of 
the  atomic  weights  of  the  alkali  metals  to  those  of  the  other  elements,  as  also  the  atomicity 
itself,  TL-hitcherin  supposes  all  atoms  to  be  built  up  of  a  primary  matter ;  he  con- 
siders the  relation  of  the  central  to  the  peripheric  mass,  and,  guided  by  mechanical  prin- 
ciples, deduces  many  of  the  properties  of  the  atoms  from  the  reaction  of  the  internal  and 
peripheric  parts  of  each  atom.  This  endeavour  offers  many  interesting  points,  but  it 
admits  the  hypothesis  of  the  building  up  of  all  the  elements  from  one  primary  matter, 
and  at  the  present  time  such  an  hypothesis  has  not  the  least  support  eitlier  in  theory  or 
in  fact.  Besides  which  the  starting-point  of  the  theory  is  the  specific  gravity  of  the 
metals  at  a  definite  temperature  (it  is  not  known  how  the  above  relation  would  appear 
at  othei  temperatures),  and  the  specific  gravity  varies  even  mider  mechanical  influences. 
L.  Hugo  (1884)  endeavoured  to  represent  the  atomic  weights  of  Li,  Na,  K,  Rb,  and  Cs 
by  geometrical  figures — for  instance,  Li  ^7  represents  a  central  atom  =  l  and  six  atoms  on 
the  six  terminals  of  an  octahedron  ;  Na,  is  obtamed  by  applying  two  such  atoms  on  each 
edge  of  an  octahedron,  and  so  on.  It  is  evident  that  such  methods  can  add  nothing  new 
to  our  data  respecting  the  atomic  weights  of  analogous  elements. 

1^  Many  natural  x^henomena  exhibit  a  dependence  of  a  periodic  character.  Thus  the 
phenomena  of  day  and  night  and  of  the  seasons  of  the  year,  and  vibrations  of  all  kinds, 
exhibit  variations  of  a  periodic  character  in  dependence  on  time  and  space.  But  in 
ordinary  periodic  functions  one  variable  varies  continuously,  whilst  the  other  increases 
to  a  limit,  then  a  period  of  decrease  begins,  and  having  in  turn  reached  its  limit  a  period 
of  increase  again  begins.  It  is  otherwise  in  the  periodic  function  of  the  elements.  Here 
the  mass  of  the  elements  does  not  increase  continuously,  but  abruptly,  by  steps,  as  from 
magnesium  to  aluminium.  So  also  the  valency  or  atomicity  leaps  directly  from  1  to  2  to 
3,  &c.,  without  intermediate  quantities,  and  in  my  opinion  it  is  these  properties  which 
are  the  most  important,  and  it  is  their  periodicity  which  forms  the  substance  of  the  * 
periodic  law.  It  expresses  the  projjcrties  of  the  real  elements,  and  not  of  what  may  be 
termed  their  manifestations  visually  known  to  us.  The  external  properties  of  elements'^ 
and  compounds  are  in  periodic  dependence  on  the  atomic  weight  of  the  elements  only 
because  these  external  properties  are  themselves  the  result  of  the  properties  of  the  real  ele- 
ments which  miite  to  form  the  '  free '  elements  and  the  compounds.  To  explain  and  express 
the  periodic  law  is  to  explain  and  express  the  cause  of  the  law  of  multiple  proportions,  of 
the  difference  of  the  elements,  and  the  variation  of  their  atomicity,  and  at  the  same  time 
to  understand  what  mass  and  gravitation  are.  In  my  opinion  this  is  still  premature.  But 
just  as  without  knowing  the  cause  of  gravitation  it  is  possible  to  make  use  of  the  law  of 
gravity,  so  for  the  aims  of  chemistry  it  is  possible  to  take  advantage  of  the  laws  discovered 
by  chemistry  without  being  able  to  explain  their  causes.  The  above-mentioned  pecu- 
liarity of  the  laws  of  chemistry  respecting  definite  compounds  and  the  atomic  weights 
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1.  The  composition  of  the  higher  oxygen  compounds  is  determined 
by  the  groups  :  the  first  group  gives  K.fi,  the   second   ^3^*2   or  RO^ 
the  third  R2O3,  .^c     There   are  eight   types  o£  oxides  and  therefore^ 
eight  groups.     Two  groups  give  a  period,  and  the  same  type  of  oxide 
is  met  with  twice  in  a  period.     For  example,  in  the  period  beginning 
with  potassium,  oxides  of  the  composition  RO  are  formed  by  calcium 
and  zinc,  and  of  the  composition  RO3  by  molybdenum  and  tellurium. 
The  oxides  of  the  even  series,  of  the  same  type,  have  stronger  basic 
properties  than  the  oxides  of  the  uneven  series,   and  the   latter  as  a 
rule  are  endowed  with  an    acid    character.      Therefore  the  elements 
which  exclusively  give  bases,  like  the  alkali  metals,  will  be  found  at  the 
commencement  of  the  period,  whilst  such  purely  acid  elements  as  the_ 
halogens  will  be  at  the  end  of  the  period.     The  interval  will  be  occu- 
pied by  intermediate  elements,  v/hose  character  and  properties  we  shall 
afterwards  describe.     It  must  be  observed  that  the  acid   character  is  ) 
chiefly  proper  to  the  elements 'with  small  atomic  weights  in  the  uneven 

leads  oue  to  think  that  the  time  has  not  yet  come  for  their  full  explanation,  and  I  do  not 
think  that  it  will  come  before  the  explanation  of  such  a  primarj^  law  of  nature  as  the  law 
of  gravity. 

It  will  not  he  out  of  place  here  to  turn  our  attention  to  the  many-sided  correlation 
existing  between  the  undecomposable  elements  and  the  compound  carbon  radicles, 
which  has  long  been  remarked  (Pettenlcofer,  Dumas,  and  others),  and  reconsidered  in 
recent  times  by  Carnelley  (l.ssii),  and  most  originally  in  Pelopidas's  work  (1883)  on  the 
principles  of  the  periodic  sj-^stem.  Pelopidas  compares  the  series  containing  eight  hydro- 
carbon radicles,  ChH.i,(  +  ^,  ChH.i„  itc,  for  instance,  C6Hi3,  C^iHio,  CgHu,  CgHio,  GgHd,  CeHg, 
C^H;,  and  CgH,, — with  the  series  of  the  elements  arranged  in  eight  groui:)s.  The  analogy, 
is  particularly  clear  owing  to  the  property  of  C„H.2"  +  i  to  combine  with  X,  thus  reaching 
saturation,  and  of  the  following  members  with  Xo,  X-  .  .  Xy,  and  especially  because  these 
are  followed  by  an  aromatic  radicle — for  example,  C^Hs — in  which,  as  is  well  known,  many 
of  the  properties  of  the  saturated  radicle  CgHj^  are  repeated,  and  in  particular  the  power 
of  forming  a  univalent  radicle  again  appears.  Pelopidas  shows  a  confirmation  of  the 
parallel  in  the  property  of  the  above  radicles  of  giving  oxygen  compounds  corresponding 
with  the  groups  in  the  periodic  system.  Thus  the  hydrocarbon  radicles  of  the  first  group 
— for  instance,  C6H15  or  CeH5 — give  oxides  of  the  form  R,0  and  hydroxides  EHO,  like  the 
metals  of  the  alkalis  ;  and  in  the  third  group  they  form  oxides  E-iOj  and  hydrates  ROoH. 
For  example,  in  the  series  CH5  the  corresponding  compounds  of  the  third  group  will  be  the 
oxide  (CH)205  or  C2H2O5 — that  is,  formic  anhydride  and  hydrate,  CHOoH,  or  formic  acid. 
In  the  sixth  group,  with  a  composition  of  Co,  tlie  oxide  RO5  will  be  CiO-,  and  hydrate 
C.iH.>0.i — that  is,  also  a  bibasic  acid  (oxaliu)  resembling  sulphuric,  among  the  inorganic 
acids.  After  applying  his  views  to  a  number  of  organic  compounds,  Pelopidas  dwells 
more  particularly  on  the  radicles  corresponding  with  ammonium. 
'^  With  respect  to  this  remarkable  parallelism,  it  must  above  all  be  observed  that  in  the 
elements  the  atomic  weight  increases  in  passing  to  contiguous  members  of  a  higher 
valency,  whilst  here  it  decreases,  which  should  indicate  that  the  periodic  variability  of 
elements  and  compounds  is  subject  to  some  higher  law  whose  nature,  and  still  more 
whose  cause,  cannot  at  present  be  determined.  It  is  probably  based  on  the  fundamental 
principles  of  the  internal  mechanics  of  the  atoms  and  molecules,  and  as  the  periodic  law 
has  only  been  generally  recognised  for  a  few  years  it  is  not  surjarising  that  any  further 
progress  towards  its  explanation  can  only  be  looked  for  in  the  develoj)ment  of  facts 
touching  on  this  subject. 
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series,  whilst  the  basic  character  is  exhibited  by  the  heavier  elements^ 
in  the  even  series.  Hence  elements  which  give  acids  chiefly  predominate 
among  the  lightest  (typical)  elements,  especially  in  the  last  groups  ; 
whilst  the  heaviest  elements,  even  in  the  last  groups  (for  instance, 
thallium,  uranium)  have  a  basic  character.  Thus  the  basic  and  acid 
characters  of  the  higher  oxides  are  determined  (a)  by  the  type  of  oxide, 
(6)  by  the  even  or  uneven  series,  and  (c)  by  the  atomic  weight. ^^  ^''^ 
The  groups  are  indicated  by  Roman  numerals  from  I.  to  VIII. 

2.  The  hydrogen  compounds  being  volatile  or  gaseous  substances 
which  are  prone  to  reaction — such  as  HCl,  H.^O,  HalST,  and  H4C  ^^ — 
are  only  formed  by  the  elements  of  the  uneven  series  and  higher  groups 
giving  oxides  of  the  forms  KgO^,  RO3,  R2*^.i>  ^ind  ROo.  (;' 

3.  If  an  element  gives  a  hydrogen  compound,  R^„,,  it  forms  an 
organo -metallic  compound  of  the  same  composition,  where  X  =:  C„H2„+i ; 
that  is,  X  is  the  radicle  of  a  saturated  hydrocarbon.  The  elements  of 
the  uneven  series,  which  are  incapable  of  giving  hydrogen  compounds, 
and  give  oxides  of  the  forms  RX,  RX2,  RX3,  also  give  organo- 
metallic  compounds  of  this  form  proper  to   the   higher  oxides.     Thus 

11  bis  True  peroxides  {see  Note  7),  like  H^O.,,  BaO^,  S2O7  {Chapter  XX.),  must  not  be 
confused  with  true  saline  oxides  even  if  the  latter  contain  much  oxygen  (for  instance, 
N2O5,  CrOg,  &c.)  although  one  and  the  other  easily  oxidise.  The  difference  between  them 
is  seen  in  their  fundamental  properties :  the  saline  oxides  correspond  to  water,  while  the 
peroxides  correspond  in  their  reactions  and  origin  to  peroxide  of  hydrogen.  This  is 
clearly  seen  in  the  difference  between  Na20  and  Na.iO.^  {Chai^ter  XIL).  Therefore  the 
peroxides  should  also  have  their  periodicity.  An  element  R,  giving  a  highest  degree  of 
oxidation,  RoOh.  may  give  both  a  lower  degree  of  oxidation,  RsOx-m  (where  m  is  evidently 
less  than  n),  and  peroxides,  RoOh  +  i,  R20H  +  2,or  even  more  oxygen.  This  class  of  oxides, 
to  which  attention  has  only  recently  been  turned  (Berthelot,  Piccini,  itc),  may  perhaps 
on  further  study  give  the  possibility  of  generalising  the  capability  of  the  elements  to  gi^t' 
unstable  complex  higher  forms  of  combination,  such  as  double  salts,  and  in  my  opinion 
should  in  the  near  future  be  the  field  of  new  and  important  discoveries.  And  in  contem- 
porary chemistry,  salts,  saline  oxides,  hydrogen  compounds,  and  other  combinations  of 
the  elements  corresponding  to  them  constitute  an  important  and  very  complex  problem 
for  generalisation,  which  is  satisfied  by  the  periodic  law  in  its  present  form,  to  which  it 
has  risen  from  its  first  state,  in  which  it  gave  the  means  of  foreseeing  {see  later  on)  the 
existence  of  unknown  elements  (Ga,  Sc,  and  Ge),  their  properties,  and  many  details 
respecting  their  compounds.  Until  those  improvements  in  the  periodic  system  which 
have  been  proposed  by  Prof.  Flavitzsky  (of  Kazan)  and  Prof.  Harperath  (of  Cordoba,  in 
the  Argentine  Republic),  Ugo  Alvisi  (Italy),  and  others  give  similar  x:)ractical  results,  I 
think  it  unnecessary  to  discuss  them  further. 

^^  The  hydrides  generalised  by  the  i^eriodic  law  are  those  to  which  metallo-orgaiiic 
compounds  correspond,  and  they  are  themselves  either  volatile  or  gaseous.  The  hydrogen 
compounds  like  NosH,  BaH,  &c.  are  distinguished  by  other  signs.  They  resemble 
alloys.  They  show  {see  end  of  last  chapter)  a  systematic  harmony,  but  they  evidently 
should  not  be  confused  with  true  hydrides,  any  more  than  peroxides  with  saline  oxides. 
Moreover,  such  hydrides  have,  like  the  peroxides,  only  recently  been  subjected  to 
research,  and  have  been  but  little  studied.  The  best  known  of  these  compomids  are 
given  in  the  16th  column  of  Table  III.,  and  it  will  be  seen  that  they  already  exhibit  u. 
periodicity  of  properties  and  composition. 


24  PKINCIPLES    OF   CHEMISTEY 

zinc  forms  the  oxide  ZnO,  salts  ZnXo,  and  zinc  ethyl  Zn(C.,H5)2.     The 
elements  of  the  even  series  do  not  seem  to  form  organo-metallic  com-  ' 
pounds  at  all  ;  at  least  all  efforts  for  their  preparation  have  as  yet 
been    fruitless— for   instance,  in  the  case  of  titanium,    zirconium,  or 

iron. 

4.  The  atomic  weights  of  elements  belonging  to  contiguous  periods 
differ  approximately  by  45;  for  example,  K<Eb,  Cr<Mo,  Br  <  I. 
But  the  elements  of  the  typical  series  show  much  smaller  differences. 
Thus  the  difference  between  the  atomic  weights  of  Li,  Na,  and  K, 
between  Ca,  Mg,  and  Be,  between  Si  and  C,  between  S  and  O,  and 
between  CI  and  F,  is  16.  As  a  rule,  there  is  a  greater  difference 
between  the  atomic  weights  of  two  elements  of  one  group  and  belong- 
ing to  two  neighbouring  series  (Ti  — Si  =  V  — P  =  Cr— S  =  Mn  — CI 
=  Nb  — As,  &c.  =  20)  ;  and  this  difference  attains  a  maximum  with  the 
heaviest  elements  (for  example,  Th-Pb  =  26,  Bi— Ta  =  26,  Ba-Cd 
=  25,  <fec.).  Furthermore,  the  difference  between  the  atomic  weights 
of  the  elements  of  even  and  uneven  series  also  increases.  In  fact,  the 
diff'erences  between  Na  and  K,  Mg  and  Ca,  Si  and  Ti,  are  less  abrupt 
than  those  between  Pb  and  Th,  Ta  and  Bi,  Cd  and  Ba,  etc.  Thus  e\en 
in  the  magnitude  of  the  differences  of  the  atomic  weights  of  analogous 
elements  there  is  observable  a  certain  connection  with  the  gradation  of 
their  properties.'^  i"'' 

Ti.  According  to  the  periodic  system  every  element  occupies  a  cer- 
tain position,  determined  by  the  group  (indicated  in  Roman  numerals) 
and  series  (Arabic  numerals)  in  which  it  occurs.  These  indicate  the 
atomic  weight,  the  analogues,  properties,  and  type  of  the  higher  oxide, 
and  of  the  hydrogen  and  other  compounds — in  a  word,  all  the  chief 
quantitative  and  qualitative  features  of  an  element,  although  there  yet 
remain  a  whole  series  of  further  details  and  peculiarities  whose  cause 

13  bis  T}^e  relation  between  tlie  atomic  weights,  and  especially  the  difference  =  16,  was 
observed  in  the  sixth  and  seventh  decades  of  this  century  by  Dumas,  Pettenkofer,  L.  Meyer, 
and  others.  Thus  Lothar  Meyer  in  1861,  following  Dumas  and  others,  grouped  together 
the  tetravalent  elements  carbon  and  silicon ;  the  trivalent  elements  nitrogen,  phosphorus, 
arsenic,  antimony,  and  bismuth ;  the  bivalent  oxygen,  sulphur,  selenium,  and  tellurium ; 
the  iinivalent  fluorine,  chlorine,  bromine,  and  iodine ;  the  univalent  metals  lithium, 
sodium,  potassium,  rubidium,  caesium,  and  thallium,  and  the  bivalent  metals  beryllium, 
magnesium,  strontium  and  barium — observing  that  in  the  first  the  difference  is,  m  general 
=  16,  m  the  second  about  =  46,  and  the  last  about  =  87-90.  The  first  germs  of  the  periodic 
law  are  visible  in  such  observations  as  these.  Since  its  establishment  this  subject  has  been 
most  fully  worked  out  by  Eidberg  (Note  10),  who  observed  a  periodicity  in  the  variation  of 
the  dilTerences  between  the  atomic  weights  of  two  contiguous  elements,  and  its  relation  to 
their  atomicity.  A.  Bazarofi  (1887)  investigated  the  same  subject,  taking,  not  the  arith- 
metical differences  of  contiguous  and  analogous  elements,  but  the  ratio  of  their  atomic 
weights ;  and  he  also  observed  that  this  ratio  alternately  rises  and  falls  with  the  rise  of 
the  atomic  weights.  I  will  here  remark  that  the  relation  of  the  eighth  group  to  the  others 
will  be  considered  at  the  end  of  this  work  in  Chapter  XXII, 
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should  perhaps  be  looked  for  in  small  differences  of  the  atomic  weights. 
If  in  a  certain  group  there  occur  elements,  R;,  Hi,,  R;;,  and  if  in  that 
series    which    contains   one    of    these   elements,    for    instance  Rj,  an 
element  Q2  precedes  it  and  an  element  Tj  succeeds  it,  then  the  pro- 
perties of  R2  are  determined  by  the  properties  of  R,,  R3,  Qo,  and  T.2. 
Thus,   for  instance,  the  atomic  weight  of  Rj  =  |-(R]  4-R3-I-Q2-I-T2). 
For  example,  selenium  occurs  in  the  same  group  as  sulphur,  S  =  32,  and       1, 
tellurium,  Te  =  125,  and,  in  the,^f&  series  As  =  75  stands  before  it  and  O --" 
Br  =•  80  after  it.     Hence  the  atomic  weight  of  selenium  should  be 
^-(32  +  125  +  75  +  80)  =  78,  which  is  near  to  the  truth.     Other  proper- 
ties of  selenium  may  also  be  determined  in  this  manner.     For  example, 
arsenic  forms  HjAs,  bromine  gives  HBr,  and  it  is  evident  that  selenium, 
which  stands  between  them,   should   form   HjSe,   with  properties  in- 
termediate   between   those  of   HjAs    and  HBr.     Even  the  physical 
properties  of  selenium  and  its  compounds,  not  to  speak  of  their  composi- 
tion, being  determined  by  the  group  in  which  it  occurs,  may  be  foreseen 
with  a  close  approach  to  reality  from  the  properties  of  sulphur,  tellurium, 
arsenic,  and  bromine.     In  this  '/iianner  it  is  possible  to  foretell  the  jjro- 
perties  of  still  unknotvn  elements.     For  instance  in  the  position  IV,  5 — 
that  is,  in  the  IVth  group  and  5th  series — an  element  is  still  wanting. 
These  unknown  elements  may  be  named  after  the  preceding  known  ele- 
ment of  the  same  group  by  adding  to  the  first  syllable  the  prefix  eka-, 
which  means  one  in  Sanskrit.     The  element  IV,  5,  follows  after  IV,  3, 
and   this  latter  position   being  occupied    by  silicon,  we  call  the  un- 
known   element  ekasilicon    and  its    symbol  Es.      The    following  are 
the  properties  which  this   element   should  have  on  the  basis  of   the 
known  properties  of  silicon,  tin,  zinc,  and  arsenic.     Its  atomic  weight 
is  nearly  72,  higher  oxide  EsOj,  lower  oxide  EsO,  compounds  of  the 
general  form  EsX.,,  and  chemically  unsta:ble  lower  compounds  of  the 
form  EsX2.    Es  gives  volatile  organo-metallic  compounds — for  instance, 
Es(CH3)4,  Es(CH3)3Cl,  and  Es(C2H5)4,  which  boil  at  about  160°,  &c.  ; 
also  a  volatile  and  liquid  chloride,  EsCl^,  boiling  at  about  90°  and  of 
specific  gravity  about  1'9.     ESO2  will  be  the  anhydride  of  a  feeble  col- 
loidal acid,  metallic  Es  will  be  rather  easily  obtainable  from  the  oxides 
and  from  K2ESF5  by  reduction,  EsSj  will  resemble  SnSj  and  SiS,,  and 
will  probably  be  soluble  in  ammonium  sulphide  ;  the  specific  gravity 
of  Es  will  be  about  5-5,   ESO2  will  have  a  density  of  about  4'7,  A'c. 
Such  a  prediction  of  the  properties  of  ekasilicon  was  made  by  me  in 
1871,  on  the  basis  of  the  properties  of  the  elements  analogous  to  it  : 
IV,  3,  =  Si,  IV,  7  =  Sn,  and  also  II,  5  =  Zn  and  V,  5  =  As.     And  now 
that  this  element  has  been  discovered  by  C.  Winkler,  of  Freiberg,  it 
has  been  found  that  its  actual  properties  entirely  correspond  with  those 
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which  were  foretold.'^  In  this  we  see  a  most  important  contirmation 
of  the  truth  of  the  periodic  law.  This  element  is  now  called  ger- 
manium, Ge  {see  Chapter  XVIII.)  It  is  not  the  only  one  that  has  been 
predicted  by  the  periodic  law.^^  We  shall  see  in  describing  the  elements 
of  the  third  group  that  properties  were  foretold  of  an  element  eka- 
aluminium,  III,  5,  El  =  68,  and  were  afterwards  verified  when  the 
metal  termed  '  gallium '  was  discovered  by  De  Boisbaudran.  So  also  the 
properties  of  scandium  corresponded  with  those  predicted  for  ekaboron, 
according  to  Xilson.'"' 

15  The  laws  of  nature  admit  of  no  exceptions,  and  in  this  the5-  clearly  differ  from 
such  rules  and  maxims  as  are  found  in  grammar,  and  other  inA'entions,  methods,  and 
relations  of  man's  creation.  The  coutirniation  of  a  law  is  only  possible  by  deducing 
uonsequeuces  from  it,  such  us  could  not  possibly  be  foreseen  without  it,  and  by  verifying 
those  consequences  by  experiment  and  further  proofs.  Therefore,  when  I  conceived  the 
periodic  law,  I  (18G!)-ly71,  Note  9)  deduced  buch  logical  consequences  from  it  as  could 
serve  to  show  whether  it  were  true  or  not.  Among  them  was  the  prediction  of  the 
properties  of  midiscovered  eiements  and  the  (.orrection  of  the  atomic  weights  of  many, 
and  at  tliat  time  little  known,  elements.  Thus  uranium  was  considered  as  trivalent, 
U  =  120  ;  but  as  such  it  did  not  correspond  with  the  periodic  law.  I  therefore  proposed  to 
double  its  atomic  weight — U  =  240,  and  the  researches  of  Hoseoe,  Zimmermann,  and  others 
justified  this  alteration  (Chapter  XXI.).  It  was  the  same  with  cerium  (Chapter  XVIII.) 
whose  atomic  weight  it  was  necessary  to  change  according  to  the  periodic  law.  I  therefore 
determined  its  specific  heat,  and  the  result  I  obtained  was  verified  by  the  new  deter- 
minations of  Hillebrand.  I  then  corrected  certain  formulie  of  the  cerium  compounds, 
and  the  researches  of  Rammelsberg,  Brauner,  Cleve,  and  others  verified  the  proposed 
alteration.  It  was  necessary  to  do  one  or  the  other — either  to  consider  the  periodic  law 
as  completely  true,  and  as  forming  a  new  instrument  in  chemical  research,  or  to  refute  it. 
Acknowledging  the  method  of  experiment  to  be  the  only  true  one,  I  myself  verified  what 
I  I  could,  and  gave  every  one  the  possibility  of  proving  or  confirming  the  law,  and  did  not 
I  think,  like  L.  Meyer  (Liebig's  Annalcn,  Si(jjt.  Bandl^  ISTO,  olUj,  when  writing  about  the 
i  periodic  law  that  '  it  would  be  rash  to  change  the  accex^ted  atomic  weights  on  the  basis  of 
so  uncertain  a  starting-point.'  ('  Es  wiirde  voreilig  seiu,  auf  so  unsichere  Aiihaltspunkte 
hin  eine  Aenderung  der  bisher  angenommeneu  Atomgewichte  vorzunehmen.')  In  my 
opinion,  the  basis  offered  by  the  periodic  law  had  to  be  verified  or  refuted,  and  experiment 
in  every  case  verified  it.  The  starting-point  then  became  general,;  No  law  of  nature  can 
be  established  without  such  a  method  of  testing  it.  Neither  De  Chancourtois,  to  whom 
the  French  ascribe  the  discovery  of  the  periodic  law,  nor  Newlands,  who  is  iDut  forward  by 
the  English,  nor  L.  Meyer,  who  is  now  cited  by  many  as  its  founder,  ventured  to  foretell 
the  j^roj^erties  of  undiscovered  elements,  or  to  alter  the  '  accepted  atomic  weights,'  or,  in 
general,  to  regard  the  periodic  law  as  a  new,  strictly  established  law  of  nature,  as  I  did 
\  from  the  very  beginning  (1869). 

^^  When  in  1871  I  wrote  a  paper  on  the  application  of  the  periodic  law  to  the  deter- 
mination of  the  properties  of  hitherto  undiscovered^elements,  I  did  not  think  I  should  live 
to  see  the  verification  of  this  consequence  of  the  law,  but  such  was  to  be  the  case.  Three 
elements  were  described — ekaboron,  ekaaluminium,  and  ekasilicon — and  now,  after  the 
lapse  of  twenty  years,  I  have  had  the  great  pleasure  of  seeing  them  discovered  and 
named  Gallium,  Scandium,  and  Germanium,  after  those  three  countries  where  the  rare 
minerals  containing  them  are  found,  and  where  they  were  discovered.  For  my  part  I 
regard  L.  de  Boisbaudran,  Nilson,  and  Winkler,  who  discovered  these  elements,  as  the  true 
corroborators  of  the  periodic  law.  Without  them  it  would  not  have  been  accepted  to  the 
extent  it  now  is. 

15  Taking  indium,  which  occurs  together  with  zinc,  as  our  example,  we  will  show  the 
pruiciple  of  the  method  employed.     The  equivalent  of  indium  to  hydrogen  in  its  oxide  is 
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6.  As  a  true  law  of  nature  is  one  to  which  there  are  no  exceptions, 
the  periodic  dependence  of  the  properties  on  the  atomic  weights 
of  the  elements  gives  a  neiv  ineaus  for  determining  hy  the  equiva- 
lent  the  atomic  weigld  or  atomicity  of  imperfectly  investigated  but 
known  elements,  for  which  no  other  means  could  as  yet  be  aj^plied 
for  determining  the  true  atomic  weight.  At  the  time  (1869)  when  the 
periodic  law  was  first  proposed  thei'e  wei-e  several  such  elements.  It 
thus  became  possible  to  learn  their  true  atomic  Aveights,  and  these  were 
verified  by  later  researches.  Among  the  elements  thus  concerned  were 
indium,  uranium,  cerium,  yttrium,  and  others.'"' 

7.  The  periodic  variability  of  the  properties  of  the  elements  in 
dependence  on  their  masses  presents  a  distinction  from  other  kinds 
of  periodic  dependence  (as,  for  exa.mple,  the  sines  of  angles  vary 
periodically  and  successively  with  the  growth  of  the  angles,  or  the 
temperature  of  the  atmosphere  with  the  course  of  time),  in  that  the 
weights  of  the  atoms  do  not  increase  graduallj^  but  by  leap?.  ;  that  is, 
according  to  Daltou's  law  of  multiple  proportions,  there  not  only  are 
not,  but  there  cannot  be,  any  transiti"\'e  or  intermediate  elements  between 

37"7 — that  is,  if  we  suppose  its  composition  to  be  like  tliat  of  water  ;  then  Tii  =  37'7,  and 
the  oxide  of  indium  is  In.^O.  The  atomic  weight  of  indium  was  taken  as  double  the  equiva- 
lent— that  is,  indium  was  considered  to  be  a  biyaleiit  element — and  101  =  2  x  37'7  =  75'4. 
If  indium  only  formed  an  oxide,  RO,  it  should  be  placed  in  group  II.  But  in  this 
case  it  appears  that  there  would  be  no  place  for  indium  in  the  system  of  the  elements, 
becaitse  the  positions  II.,  5  =  Zn  =  65  and  II.,  0  —  Sr  =  87  were  already  occupied  by 
known  elements,  and  according  to  the  periodic  law  an  element  with  an  atomic  weight  75 
could  not  be  bivalent.  As  neither  the  vapour  density  nor  the  specific  heat,  nor  even  the 
isomori^hism  (the  salts  of  indium  crystallise  with  great  difficulty)  of  the  compounds  of 
indium  were  Imowu,  there  was  no  reason  for  considering  it  to  be  a  bivalent  metal,  and 
therefore  it  might  be  regarded  as  trivalent,  quadrivalent,  A:c.  If  it  be  trivalent,  then 
In=3  X  37"7  =  113,  and  the  composition  of  the  oxide  is  In.iOs,  and  of  its  salts  InXj.  In 
this  case  it  at  once  ft^ls  into  its  place  in  the  system,  namely,  in  group  III.  and  7th 
series,  between  Cd  =  112  and  Sn=118,  as  an  analogue  of  aluminium  or  dvialuminimn 
(dvi  =  2  in  Sanskrit).  All  the  properties  observed  in  indium  correspond  with  this 
position ;  for  example,  the  density,  cadmium  =  S'O,  indium  =  7'4,  tin  =  7'2 ;  the  basic 
properties  of  the  oxides  CdO,  Ini^O^;,  SnOg,  successively  vary,  so  that  the  i^roperties  of 
luoOs  are  intermediate  between  those  of  CdO  and  SnOo  or  CdgOo  and  Sno04.  That 
indium,  belongs  to  group  III.  has  been  confirmed  by  the  determination  of  its  specific  heat, 
(0"057  according  to  Bunsen,  and  0'055  according  to  me)  and  also  by  the  fact  that  indium 
forms  alums  like  aluminium,  and  therefore  belongs  to  the  same  grou^^. 

The  same  kind  of  considerations  necessitated  taking  the  atomic  weight  of  titanium 
as  nearly  48,  and  not  as  52,  the  figure  derived  from  many  analyses.  And  both  these 
corrections,  m'ade  on  the  basis  of  the  law,  have  now  been  confirmed,  for  Thorpe  found,  by 
a  series  of  careful  experiments,  the  atomic  weight  of  titanium  to  be  that  foreseen  by  the 
periodic  law.  Notwithstanding  that  previous  analyses  gave  Os  — 199*7,  Ir=198,  and 
I*t  =  187,  the  periodic  law  shows,  as  I  remarked  in  1871,  that  the  atomic  weights  should 
rise  from  osmium  to  platinum  and  gold,  and  not  fall.  Many  recent  researches,  and 
especially  those  of  Seubert,  have  fully  verified  this  statement,  based  on  the  law.  Thus  a  ( 
true  law  of  nature  anticipates  facts,  foretells  magnitudes,  gives  a  hold  on  nature,  and  i 
leads  to  impro^■ements  in  the  methods  of  research,  lI'c,  '^ 
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two  neighbouring  ones  (for  example,  between  K  =  39  and  Ca  =  40,  or 
Al  =  27  and  Si  =  28,  or  C  =  12  and  N  =  U,  &c.)  As  in  a  molecule 
of  a  hydrogen  compound  there  may  be  either  one,  as  in  HF,  or  two,  as 
in  HoO,  or  three,  as  in  NH^,  &c.,  atoms  of  hydrogen  ;  but  as  there  cannot 
be  molecules  containing  2^  atoms  of  hydrogen  to  one  atom  of  another 
element,  so  there  cannot  be  any  element  intermediate  between  N  and 
O,  with  an  atomic  weight  greater  than  14  or  less  than  16,  or  between 
K  and  Ca.  Hence  the  periodic  dependence  of  the  elements  cannot  be 
expressed  by  any  algebraical  continuous  function  in  the  same  way  that 
it  is  possible,  for  instance,  to  express  the  variation  of  the  temperature 
during  the  course  of  a  day  or  year. 

8.  The  essence  of  the  notions  giving  rise  to  the  periodic  law   con- 
sists in  a  general  physico-mechanical   principle  which  recognises  the 
correlation,  transmutability,  and  equivalence  of  the  forces  of  nature. 
Gravitation,  attraction  at  small  distances,  and  many  other  phenomena 
are  in  direct  dependence  on  the  mass  of  matter.     It  might  therefore  have 
been  expected  that  chemical  forces  would  also  depend  on  mass.     A  de- 
pendence is  in  fact  shown,  the  properties  of  elements  and  compounds 
being  determined  by  the  masses  of  the  atoms  of  which  they  are  formed. 
The  weight  of  a  molecule,  or  its  mass,  determines,  as  we  have  seen, 
(Chapter  VII.  and  elsewhere)  many  of  its  properties  independently  of 
its  composition.      Thus  carbonic  oxide,  CO,  and  nitrogen,  Nj,  are  two 
gases  having  the  same  molecular  weight,  and  many  of  their  properties 
(density,  liquefaction,  specific   heat,  (fee.)  are  similar  or  nearly  similar. 
The  differences  dependent  on  the  nature  of  a  substance  play  another 
part,  and  form  magnitudes  of  another  order.     But  the  properties  of 
atoms  are   mainly  determined  by   their  mass  or   weight,  and  are  in 
dependence  upon  it.     Only  in  this  case  there  is  a  peculiarity  in  the 
dependence  of  the  properties  on  the  mass,  for  this  dependence  is  de- 
termined by  a  periodic   law.     As   the  mass  increases  the  properties 
vary,    at  first  successively  and   regularly,    and   then    return  to  their 
original  magnitude  and  recommence  a  fresh  period  of  variation  like 
the  first.     Nevertheless  here  as  in  other  cases  a  small  variation  of  the 
mass  of  the  atom  generally  leads  to  a  small  variation  of  properties,  and 
determines  difierences  of  a  second  order.     The  atomic  weights  of  cobalt 
and  nickel,  of  rhodium,   ruthenium,  and  palladium,  and  of  osmium, 
iridium,  and  platinum,  are  very  close  to  each  other,  and  their  properties 
are  also   very  much  alike — the   differences  are  not  very  perceptible. 
And    if   the    properties    of    atoms    are    a  function    of    their   weight, 
many  ideas  which  have  more  or  less  rooted  themselves  in  chemistry 
must  suffer  change  and  be  developed  and  worked  out  in  the  sense  of 
this  deduction.     Although  at  first  sight  it  appears  that  the  chemical 
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elements  are  perfectly  independent  and  individual,  instead  of  this  ideal 
of  the  nature  of  the  elements,  the  notion  of  the  dependence  of  their  pro- 
perties upon  thtiir  mass  must  now  be  established  ;  that  is  to  say,  the  sub- 
jection of  the  indi\iduality  of  the  elements  to  a  common  higher  prin- 
ciple which  evinces  itself  in  gravity  and  in  all  physico-chemical  pheno- ! 
mena.  Many  chemical  deductions  then  acquire  a  new  sense  and  signi- 
ficance, and  a  regularity  is  observed  where  it  would  otherwise  escape 
attention.  This  is  more  particularly  apparent  in  the  physical  proper- 
ties, to  the  consideration  of  which  we  shall  afterwards  turn,  and  we 
will  now  point  out  that  Gustavson  first  (Chapter  X.,  Note  28)  and 
subsequently  Potilitzin  (Chapter  XI.,  Note  66)  demonstrated  the  direct 
dependence  of  the  reactive  power  on  the  atomic  weight  and  that  funda- 
mental property  which  is  expressed  in  the  forms  of  their  compounds, 
whilst  in  a  number  of  other  cases  the  purely  chemical  relations  of  ele- 
ments proved  to  be  in  connection  with  their  periodic  properties.  As 
a  case  in  point,  it  may  be  mentioned  that  Carnelley  remarked  a  depen- 
dence of  the  decomposability  of  the  hydrates  on  the  position  of  the 
elements  in  the  periodic  system  ;  whilst  L.  Meyer,  Willgerodt,  and 
others  established  a  connection  between  the  atomic  weight  or  the 
position  of  the  elements  in  the  periodic  system  and  their  property  of 
serving  as  media  in  the  transference  of  the  halogens  to  the  hydro- 
carbons.'^ Bailey  pointed  out  a  periodicity  in  the  stability  (under  the 
action  of  heat)  of  the  oxides,  namely  :  (a)  in  the  even  series  (for 
instance,  CrOj,  M0O3,  WO3,  and  UO3)  the  higher  oxides  of  a  given 
group  decompose  with  greater  ease  the  smaller  the  atomic  weight, 
while  in  the  uneven  series  (for  example,  COj,  GeOj,  Sn02,  and  PbOg) 
the  contrary  is  the  case  ;  and  (6)  the  stability  of  the  higher  saline 
oxides  in  the  even  series  (as  in  the  fourth  series  from  KjO  to 
Mn^O-j)  decreases  in  passing  from  the  lower  to  the  higher  groups, 
while  in  the  uneven  series  it  increases  from  the  1st  to  the  IVth  group, 
and  then  falls  from  the  IVth  to  the  Vllth  ;  for  instance,  in  the  series 

^'^  Meyer,  Willgerodt,  and  others,  guided  by  the  fact  that  Gustavson  and  Friedel  had 
remarked  that  raetalepsis  rapidly  proceeds  in  the  presence  of  aluminium,  investigated 
the  action  of  nearly  all  the  elements  in  tliis  respect.  For  example,  they  took  benzene, 
added  the  metals  to  be  experimented  on  to  it,  and  passed  chlorine  through  the  liquid  in 
diffused  light.  When,  for  instance,  sodium,  potassium,  barium,  &c.  are  taken,  there  is 
no  action  on  the  benzene  ;  that  is,  hydrochloric  acid  is  not  disengaged ;  but  if  aluminium, 
gold,  or,  in  general,  any  metal  having  this  power  of  aiding  chlorinatiou  (Halogen- 
iibertriiger)  is  employed,  then  the  action  is  clearly  seen  from  the  volumes  of  hydro- 
chloric acid  evolved  (especially  if  the  metallic  chloride  formed  is  soluble  in  benzene). 
Thus,  in  group  I.,  and  in  general  among  the  even  and  light  elements,  there  are  none 
capable  of  serving  as  agents  of  metalepsis ;  but  aluminium,  gallium,  indium,  antunony, 
tellurium,  and  iodine,  which  are  contiguous  members  in  the  periodic  system,  are  excellent 
transmitters  (carriers)  of  the  halogens. 


30  PRINCIPLES   OF  CHEMISTEY 

Ag,,0,  CdO,  In.Oj,  SnU„  and  then  SnO,,  Sb.O,,,  TeO^,  1,0-. 
K.  ^Yinkle^  looked  for  and  actually  found  (1890)  a  dependence  between 
the  reducibility  of  the  metals  by  magnesium  and  their  position  in  the 
periodic  system  of  the  elements.  The  greater  the  attention  paid  to 
this  field  the  more  often  is  a  distinct  connection  found  between  the 
variation  of  purely  chemical  properties  of  analogous  substances  and 
the  variation  of  the  atomic  \\eights  of  the  constituent  elements  and 
their  position  in  the  periodic  system.  Besides,  since  the  periodic 
system  has  become  more  firmly  established,  many  facts  have  been 
gathered,  showing  that  there  are  many  similarities  between  Sn  and 
Pb,  B  and  Al,  Cd  and  Hg,  i^c,  which  had  not  been  pre\  iously  observed, 
although  foreseen  in  some  cases,  and  a  consequence  of  the  periodic  law. 
Keeping  oui-  attention  in  the  same  direction,  we  see  that  tlte  most 
widely  distributed  elements  in  nature  are  those  with  small  atomic 
weights,  whilst  in  organisms  the  lightest  elements  exclusively  pre- 
dominate (hydrogen,  carbon,  nitrogen,  oxygen),  whose  small  mass  facili- 
tates those  transformations  which  are  proper  to  organisms.  Poluta 
(of  Kharkoft"),  C.  C.  Botkin,  Blake,  Brenton,  and  others  even  discovered 
a  cm  relation  between  the  physiological  action  of  salts  and  other  re- 
agents on  organisms  and  the  positions  occupied  in  the  periodic  system 
by  the  metals  contained  in  them.'" 

As,  from  the  necessity  of  the  case,  the  physical  properties  must  be 
in  dependence  on  the  composition  of  a  substance,  i.e.  on  the  quality 
and  quantity  of  the  elements  forming  it,  so  for  them  also  a  depend- 
ence on  the  atomic  weight  of  the  component  elements  must  be 
expected,  and  consequently  also  on  their  periodic  distribution.  We 
shall  meet  with  repeated  proofs  of  this  in  the  further  exposition  of 
our  treatise,  and  for  the  present  will  content  ourselves  with  citing 
the  discovery  by  Carnelley  in  1S79  of  the  dependence  of  the  magnetic 
properties  of  the  elements  on  the  position  occupied  by  them  in  the 
periodic  system.     Carnelley  showed  that  all  the  elements  of  the  even 

I"  The  periodic  relations  enumerated  above  appertain  to  the  real  elements,  and  not 
to  the  elements  in  the  free  state  as  we  know  them ;  and  it  is  very  important  to  note 
this,  because  the  periodic  law  refers  to  the  real  elements,  inasmuch  as  the  atomic  weight 
is  proper  to  the  real  element,  and  not  to  the  '  free  '  element,  to  which,  as  to  a  com- 
pound, a  moleculai-  weight  is  proper.  Physical  properties  are  chiefly  determined  by  the 
properties  of  molecules,  and  only  indirectly  depend  on  the  properties  of  the  atoms  forming 
the  molecules.  For  this  reason  the  periods,  which  aie  clearly  and  quite  distinctly 
expressed — for  instance,  in  the  forms  of  combination — become  to  some  extent  involved 
Icomplicated)  in  the  physical  properties  of  their  members.  Thus,  for  instance,  besides 
the  maxima  and  jninuna.  corresponding  with  the  periods  and  gi-oups,  new  molecules 
appear  ;  thus,  as  regards  the  melting-point  of  germanium,  a  locid  maximum  appears, 
wluch  was,  however,  foreseen  by  the  periodic  law  when  the  properties  of  o-ermanium 
.(ekasilicon)  were  forecast. 
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spfies  (beginning  with  lithium,  potassium,  rubidium,  cjesium)  belong  * 
to  the  number  of  magnetic  (paramagnetic)  substances  ;  for  example, 
according  to  Faraday  and  others, ^7t)is  Q^  -^^  q^  X,  Ti,  Cr,  Mn,  Fe,  Co, 
Xi,  Ce,  are  magnetic  ;  and  the  elements  of  the  uneven  series  av 
diamagnetic^  H,  Na,  Si,  P,  S,  CI,  Cu,  Zn,  As,  Se,  Br,  Ag,  Cd,  8n,  Sb, 
I,  Au,  Hg,  Tl,  Pb,  Bi. 

Carnelley  also  showed  that  the    melting -jyoint  of  elements    vax'ies  * 
periodically,  as  is  seen  by  the  figures  in  Table  III.  (nineteenth  column), ^^ 
where  all  the  most  trustworthy  data  are  collected,  and  predominance 
is  given  to  those  having  maximum  and  minimum  values. ^^ 

17  bia  The  relation  of  certain  elements  (for  instance,  the  analogues  of  Pt)  among 
diamagnetic  and  paramagnetic  bodies  is  sometimes  doubtful  (probably  partly  owing  to 
the  imperfect  purity  of  the  reagents  under  investigation).  This  subject  has  been  studied 
in  some  detail  by  Bachmetieff  in  1889. 

18  It  is  evident  that  many  of  the  figures,  especially  those  exceeding  1000°,  have  been 
determined  with  but  little  exactitude,  and  some,  placed  in  Table  III.  with  the  sign  (?),  I 
have  only  given  on  the  basis  of  rough  and  comparative  determinations,  calculated  from 
the  melting-points  of  silver  and  platinum,  now  established  by  many  observers,  In 
Table  III.,  besides  the  large  periods  whose  maxima  correspond  with  carbon,  silicon, 
titanium,  ruthenium  (?),  and  osmium  (?),  there  are  also  small  periods  in  the  melting- 
points,  and  their  maxima  correspond  with  sulphur,  arsenic,  antimony.  The  minima 
correspond  with  the  halogens  and  metals  of  the  alkalis.  A  distinct  periodicity  is  also 
seen  in  taking  the  coefficients  of  linear  expansion  (chiefly  according  to  Pizeau) ;  for  * 
instance,  in  the  vertical  series  (according  to  the  magnitude  of  the  atomic  weight),  Fe, 
Co,  Ni,  Cu,  the  linear  expansion  in  millionths  of  an  inch  =12,  13,  17,  and  29;  for  Rh, 
Pd,  Ag,  Cd,  In,  Sn,  and  Sb  the  coefficients  are  8,  12,  19,  31,  46,  26,  and  12,  so  that  a 
maximum  is  reached  at  In.  In  the  series  Ir  (7),  Pt  (5),  Au  (14),  Hg  (60),  Tl  (31),  Pb  (29), 
and  Bi  (14),  the  maximum  is  at  Hg  and  the  minimum  at  Pt.  Raoul  Pictet  expressed 
this  connection  by  the  fact  that  he  found  the  product  a(i+273)'^yA  V?  to  be  nearly 
constant  for  all  elements  in  the  free  state,  and  nearly  equal  to  0'045,  and  being  the  co- 
efficient of  linear  expansion,  t  +  273,  the  melting-point  calculated  from  the  absolute  zero 

(  —  273°),  and  IjAjd,  the  mean  distance  between  the  atoms,  if  A  is  the  atomic  weight  and 
d  the  sp.  gr.  of  an  element.  Although  the  above  product  is  not  strictly  constant,  never. 
theless  Pictet'srule  gives  an  idea  of  the  bond  between  magnitudes  which  ought  to  have 
a  certain  connection  with  each  other.  De  Heen,  Nadeschdin,  and  others  also  studied 
this  dependence,  but  their  deductions  do  not  give  a  general  and  exact  law. 

13  Carnelley  found  a.  similar  dependence  in  comparing  the  melting-points  of  the 
metallic  chlorides,  manj^  of  which  he  redetermined  for  this  purpose.  The  melting-points 
(and  boiling-points,  in  brackets)  of  the  following  chlorides  are  known,  and  a  certain 
regularity  is  seen  to  exist  in  them,  although  the  number  (and  degree  of  accuracy)  of 
the  data  is  insufficient  for  a  generalisation ; — 


LiCl  598° 

BeCl.,  600° 

BCl.-,  -20° 

NaCl  772° 

MgCl'a  708° 

Aicis  187° 

KCl  734° 

CaCl,  719° 

ScCl.,  ? 

( CuCl  434° 
t  (993°) 

ZnClj  362° 

GaCl,,  76° 

(680°) 

(217°) 

AgCl  451° 

CdClo  541° 

InCls  ? 

f  TlCl  427° 
1  713°) 

PbCl,  498° 

BiCls  227° 

(908°) 

We  will  also  enumerate  the  following  data  given  by  Carnelley,  which  are  : 
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There  is  no  doubt  that  many  other  physical  properties  will,  when 
further  studied,  also  prove  to  be  in  periodic  dependence  on  the  atomic 

comparison:  HCl  -11-2°  (-102") ;  RbCl  710=,  SrCl,  Hia^  CsCl  631°,  BaCU  860°,  SbClj 
73^  liiS'},  TeClj  -209-  (327  =  ),  ICl  27=.  HgCl,  276"  (303=),  Fed,-,  306°,  NbClj  194=  (240°), 
TaCl5  211°  (242°),  "WCls  ISKV.  The  melting-points  of  the  bromides  and  iodides  are 
higher  or  lower  than  those  of  the  corresponding  chlorides,  according  to  the  atomic 
weight  of  the  element  and  number  of  atoms  of  the  halogen,  as  is  seen  from  the  following 
examples;— 1.  KCl  734=,  KBr  699°,  KI  634°;  -2.  AgCl  454°,  AgBr  427=,  Agl  527°; 
3.  PbClo  49S  (900°),  PbBr.,  499°  (S|-.l=),  Pbl,  383=  (906°) ;  4,  SnClj  below  -20°  (114°), 
SnBr.,  30°  (201^),  Snl^  146=  (293)  (sec  Chapter  II.  Note  27,  and  Chapter  XI.  Note 
47'''',  *c.) 

Laurie  (1hs2)  also  observed  a  periodicity  in  the  quaniitij  of  heat  developed  in  the 
formation  of  the  chlorides,  bromides,  and  iodides  (fig.  79),  as  is  seen  from  the  following 
figures,  where  the  heat  developed  is  expressed  in  thousands  of  calories,  and  referred  to  a 
molecule  of  chlorine,  CI.,,  so  that  the  heat  of  formation  of  KCl  is  doubled,  and  that  of 
SnCIj  halved,  &c. :  Na  195  (Ag  59,  An  12),  Mg  151  (Zn  97,  Cd  93,  Hg  63),  Al  117,  Si  79 
(Sn  64),  K  211  (Li  187),  Ca  170  (Sr  1H5,  Ba  194),  whence  it  is  seen  that  the  greatest 
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Fig.  79. — Laurie's  diagram  for  expressing  the  perioilic  variation  of  the  heat  of  formation  of  the 
chlorides.  The  absoissBe  give  the  atomic  -weights  from  0  to  210,  and  the  ordinates  the  amounts  of 
heat  from  0  to  220  thousand  calories  evolved  in  the  combination  with  -CL,  (i-e.  with  71  parts  of 
chlorine).  The  apices  of  the  curve  correspond  to  Li,  Na,  K,  Rb,  Cs,  and  the  lower  extremities  to 
F,  CI,  Br,  and  I. 

amount  of  heat  is  evolved  by  the  metals  of  the  alkalis,  and  that  in  each  period  it 
falls  from  them  to  the  halogens,  which  evolve  very  little  heat  in  combining  together. 
Richardson,  by  comparing  the  heats  of  formation  of  the  fluorides  also  came  to  the 
conclusion  that  they  are  in  periodic  dependence  upon  the  atomic  weights  of  the  combined 
elements. 

In  this  respect  it  may  not  be  superfluous  to  remark  (1)  that  Thomsen,  whose  results 
I  have  employed  above,  observed  a  correlation  in  the  calorific  equivalents  of  analogous 
elements,  although  he  did  not  remark  their  periodic  variation ;  (2)  that  the  uniformity 
of  many  thennochemical  deductions  must  gain  considerably  by  the  application  of  the 
periodic  law,  which  evidently  repeats  itself  in  calorimetric  data ;  and  if  these  data  fre- 
quently lead  to  true  forecasts,  this  is  due  to  the  periodicity  of  the  thermal  as  well  as  of 
raany  other  properties,  as  Laurie  remarked ;  and  (3)  that  the  heat  of  formation  of  the 
oxides  is  also  subject  to  a  periodic  dependence  which  differs  from  that  of  the  heat  of 
formation  of  the  chlorides,  in  that  the  greatest  quantity  corresponds  with  the  bivalent 
metals  of  the  alkaline  earths  (magnesium,  calcium,  strontium,  barium),  and  not  with  the 
univalent  metals  of  the  alkalis,  as  is  the  case  with  chlorine,  bromine,  and  iodine.     This 
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weights,'^  '''s  but  at  present  only  a  few  are  known  with  any  complete- 
«ess,  and  we  will  only  refer  to  the  one  which  is  the  most  easily  and 
frequently  determined — namely,  the  sp>'cific  gravity  in  a  solid  and 
liquid  state,  the  more  especially  as  its  connection  with  the  chemical 
properties  and  relations  of  substances  is  shown  at  every  step.  Thus, 
for  instance,  of  all  the  metals  those  of  the  alkalis,  and  of  all  the  non- 
metals  the  halogens,  are  the  most  energetic  in  their  reactions,  and  they 
have  the  lowest  specific  gravity  among  the  adjacent  elements,  as  is  seen 
in  Table  III.,  column  17.  Such  are  sodium,  potassium,  rubidium, 
caesium  among  the  metals,  and  chlorine,  bromine,  and  iodine  among  the 
non-metals  ;  and  as  such  less  energetic  metals  as  iridium,  platinum, 
and  gold  (and  even  charcoal  or  the  diamond)  have  the  highest  specific 
gravity  among  the  elements  near  to  them  in  atomic  weight ;  therefore 
the  degree  of  the  condensation  of  matter  evidently  influences  the 
course  of  the  transformations  proper  to  a  substance,  and  furthermore 
this  dependence  on  the  atomic  weight,  although  very  complex,  is  of  a 
clearly  periodic  character.  In  order  to  account  for  this  to  some  extent, 
it  may  be  imagined  that  the  lightest  elements  are  porous,  and,  like  a 
sponge,  are  easily  penetrated  by  other  substances,  whilst  the  heavier 
elements  are  more  compressed,  and  give  way  with  difficulty  to  the 
insertion  of  other  elements.  These  relations  are  best  understood  when, 
instead  of  the  specific  gravities  referring  to  a  unit  of  volume,^"  the 
atomic  volumes  of  the  elements — that  is,  the  quotient  Ajd  of  the  atomic 

circumstance  is  probably  connected  with  the  fact  that  clilorine,  bromine,  and  iodine  are 
univalent  elements,  and  oxygen  bivalent  (compare,  for  instance,  Chapter  XI.,  Note  13, 
Chapter  XXII.,  Note  40,  Chapter  XXVI.,  Note  28  i'",  &c.) 

Keyser  (1892),  in  investigating  the  spectra  of  the  alkali  metals  and  metals  of  the 
alkaline  earths,  came  to  the  conclusion  that  in  this  respect  also  there  is  a  regularity  of 
a  periodic  character  in  dependence  upon  the  atomic  weights.  Probably  a  closer  and 
systematic  study  of  many  of  the  properties  of  the  elements  and  of  complex  and  simple 
bodies  formed  by  them  will  more  and  more  frequently  lead  to  similar  conclusions,  and  to 
extending  the  range  of  application  of  the  periodic  law. 

19  bij  Probably,  besides  thermo-chemical  data  (Note  19),  the  refractive  index,  cohesion, 
ductility,  and  similar  properties  of  corresponding  compounds  or  of  the  elements  them- 
selves will  be  found  to  exhibit  a  dependence  of  the  magnitude  of  the  atomic  weight  upon 
the  periodic  law.  ^ 

2"  Having  occupied  myself  since  the  fifties  (my  dissertation  for  the  degree  of  IM.A. 
concerned  the  specific  volumes,  and  is  printed  in  part  in  the  Bussian  Mining  Journal 
for  1856)  with  the  problems  concerning  the  relations  between  the  specific  gravities  and 
volumes,  and  the  chemical  compositions  of  substances,  I  am  inclined  to  think  that  the 
direct  investigation  of  specific  gravities  gives  essentially  the  same  results  as  the 
investigation  of  specific  volumes,  only  that  the  latter  are  more  graphic.  Table  III.  of 
the  periodic  properties  of  the  elements  clearly  illustrates  this.  Thus,  for  those  members 
whose  volume  is  the  greatest  among  the  contiguous  elements,  the  specific  gravity  is  least 
—that  is,  the  periodic  variation  of  both  properties  is  equally  evident.  In  passing,  fori 
instance,  from  silver  to  iodine  we  have  a  successive  decrease  of  specific  gravity  and  suc- 
cessive increase  of  specific  volume.  The  periodic  alternation  of  the  rise  and  fall  of  the 
VOL.  II.  D 
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weight  A  by  the  specific  gravity  fZ— are  taken  for  comparison.  As, 
according  to  the  entire  sense  of  the  atomic  theory,  the  actual  matter 
of  a  substance  does  not  fill  up  its  whole  cubical  contents,  but  is  sur- 
rounded by  a  medium  (ethereal,  as  is  generally  imagined),  like  the  stars 
and  planets  which  travel  in  the  space  of  the  heavens  and  fill  it,  with 
greater  or  less  intervals,  so  the  quotient  Ajd  only  expresses  the  mean 
volume  corresponding  to  the  sphere  of  the  atoms,  and  therefore  V  Aid 
is  the  -mean  distance  between  the  centres  of  the  atoms.  For  compounds 
whose  molecules  weigh  J/,  the  mean  magnitude  of  the  atomic  volume  is 
obtained  by  dividing  the  mean  molecular  volume  3I/d  by  the  number 
of  atoms  w  in  the  molecule.^'  The  above  relations  may  easily  be 
expressed  from  this  point  of  view  by  comparing  the  atomic  volumes. 
Those  comparatively  light  elements  which  easily  and  frequently  enter 
into  reaction  have  the  greatest  atomic  volumes  :  sodium  23,  potassium 
45,  rubidium  57,  cfesium  71,  and  the  halogens  about  27  ;  whilst  with 
those  elements  which  enter  into  reaction  with  difficulty,  the  mean  atomic 
volume  is  small  ;  for  carbon  in  the  form  of  a  diamond  it  is  less  than 
4,  as  charcoal  about  6,  for  nickel  and  cobalt  less  than  7,  for  iridium 
and  platinum  about  9.  The  remaining  elements  having  atomic  weights 
and  properties  intermediate  between  those  elements  mentioned  above 
have  also  intermediate  atomic  volumes.  Therefore  the  S2)ecifio  gravities 
and  specific  volumes  of  solids  and  liquids  stand  in  periodic  dependence 
on  the  atomic  weights,  as  is  seen  in  Table  III.,  where  both  A  (the 
atomic  weight)  and  t^,  (the  specific  gravity),  and  A  Id  (specific  volumes 
of  the  atoms)  are  given  (column  18). 

Thus  we  find  that  in  the  large  periods  beginning  with  lithium, 
sodium,  potassium,  rubidium,  csesium,  and  ending  with  fluorine,  chlorine, 
bromine,  iodine,  the  extreme  members  (energetic  elements)  have  a 
small  density  and  large  volume,  whilst  the  intermediate  substances 
gradually  increase  in  density  and  decrease  in  volume — that  is,  as  the 
atomic  weight  increases  the  density  rises  and  falls,  again  rises  and  falls. 


specific  gravity  and  specific  Tolume  of  the  free  elements  was  communicatecl  by  me  in 
August  1869  to  the  Moscow  Meeting  of  Russian  Naturalists.  In  the  following  year  (1870) 
L.  Meyer's  paper  appeared,  which  also  dealt  with  the  specific  volume  of  the  elements. 

-^  In  my  opinion  the  mean  volume  of  the  atoms  of  compounds  deserves  more  atten- 
tion than  has  yet  been  paid  to  it.  I  may  point  out,  for  instance,  that  for  feebly  energetic 
oxides  the  mean  volume  of  the  atom  is  generally  nearly  7 ;  for  example,  the  oxides  SiOo, 
Sc^Oj,  TiOo,  V,,05,  as  well  as  ZnO,  Ga^Oa,  GeO.j,  ZrO.,,  lujOj,  SnO.,,  Sb.jO^,  etc.,  whilst 
the  mean  volume  of  the  atom  of  the  altali  and  acid  oxides  is  greater  than  7.  Thus  we 
find  in  the  magnitudes  of  the  mean  volumes  of  the  atom  in  oxides  and  salts  both  a 
periodic  variation  and  a  connection  with  their  energy  of  essentially  the  same  character 
as  occurs  in  the  case  of  the  free  elements. 
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and  so  on.  Furthermore,  the  energy  decreases  as  the  density  rises,  and 
the  greatest  density  is  proper  to  the  atomically  heaviest  and  least 
energetic  elements  ;  for  example,  Os,  Ir,  Pt,  Au,  U. 

In  order  to  explain  the  relation  between  the  volumes  of  the  ele- 
ments and  of  their  compounds,  the  densities  (column  S)  and  volumes 
(column  M/s)  of  some  of  the  higher  saline  oxides  arranged  in  the  same 
order  as  in  the  case  of  the  elements  are  given  on  p.  36.  For  con- 
venience of  comparison  the  volumes  of  the  oxides  are  all  calculated 
per  two  atoms  of  an  element  combined  with  oxygen.  For  example, 
the  density  of  Al2O3=4-0,  weight  Al2O3=102,  volume  AL^Oj^;  25-5. 
Whence,  knowing  the  volume  of  aluminium  to  be  11,  it  is  at  once  seen 
that  in  the  formation  of  aluminium  oxide,  22  volumes  of  it  give  2.5'5 
volumes  of  oxide.  A  distinct  periodicity  may  also  be  observed  with 
respect  to  the  specific  gravities  and  volumes  of  the  higher  saline  oxides. 
Thus  in  each  period,  beginning  with  the  alkali  metals,  the  specific 
gravity  of  the  oxides  first  rises,  reaches  a  maximum,  and  then  falls  on 
passing  to  the  acid  oxides,  and  again  becomes  a  minimum  about  the 
halogens.  But  it  is  especially  important  to  call  attention  to  the  fact 
that  the  volume  of  the  alkali  oxides  is  less  than  that  of  the  metal  con- 
tained in  them,  which  is  also  expressed  in  the  last  column,  giving  this 
difference  for  each  atom  of  oxygen. '^^  Thus  2  atoms  of  sodium,  or 
46  volumes,  give  24  volumes  of  NajO,  and  about  37  volumes  of  2NaH0 
— that  is,  the  oxygen  and  hydrogen  in  distributing  themselves  in  the 
medium  of  sodium  have  not  only  not  increased  the  distance  between 
its  atoms,  but  have  brought  them  nearer  together,  have  drawn  them 
together  by  the  force  of  their  great  affinity,  by  reason,  it  may  be 
presumed,  of  the  small  mutual  attraction  of  the  atoms  of  sodium. 
Such  metals  as  aluminium  and  zinc,  in  combining  with  oxygen  and 
forming  oxides  of  feeble  salt-forming  capacity,  hardly  vary  in  volume, 
but  the  common  metals  and  non-metals,  and  especially  those  forming 
acid  oxides,  always  give  an  increased  volume  when  oxidised — that  is, 
the  atoms  are  set  further  apart  in  order  to  make  room  for  the  oxygen. 
The  oxygen  in  them  does  not  compress  the  molecule  as  in  the  alkalis  ; 
it  is  therefore  comparatively  easily  disengaged. 

-^  The  volume  of  oxygen  (judging  by  the  table  on  p.  36)  is  evidently  a  variable  quan- 
tity, forming  a  distinctly  periodic  function  of  the  atomic  weight  and  type  of  the  oxide,  and 
therefore  the  efforts  which  were  formerly  made  to  find  the  volume  of  the  atom  of  oxygen 
in  the  volumes  of  its  compounds  may  be  considered  to  be  futile.  But  since  a  distinct  con- 
traction takes  place  in  the  formation  of  oxides,  and  the  volume  of  an  oxide  is  frequently 
less  than  the  volume  in  the  free  state  of  the  element  contained  in  it,  it  might  be  surmised 
that  the  volume  of  oxygen  in  a  free  state  is  about  15,  and  therefore  the  speciiic  gravity 
of  solid  oxygen  in  a  free  state  would  be  about  0'9. 

r>  2 
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H.,0 

.     1-0 

18 
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Li„0      . 

.     2-0 

15 

-     9 
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16 

+     2-6 
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39 
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c\o,            .       . 
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55 

+   10-6 

N,(.5     .         .         . 
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66 

?+     4 
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24 
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Mg.O,  . 

.     3-:. 

23 

-      4-5 
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.     4-0 

26 

+      1-3 
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45 
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59 
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S,0„      .         .         . 

.     1-96 

82 
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95 

+     6 
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35 
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34 
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SC2O,, 

3-86 

35 

?      0 
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38 
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52 

+     6-7 
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73 
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CujO 

5-9 

24 
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ZtiaOs    . 

5-7 

23 
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?5-l 

36 

f     4 

Ge,0,    . 

4-7 

44 

+     4-5 

AsaOs   . 

4-1 

56 

+     6-0 

SrjOa     . 
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44 

-   13 

Y,03     . 

50 

45 

?-     2 

Zr,0,    . 

.     5-5 

44 

0 

Nb,Oa  . 
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57 
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MoOo 
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65 

+     6-8 

Ag^O 

7-n 

3] 
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CdjOg      . 

8-0 

32 
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I112O3    . 
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38 

+     2-7 

Sn^Oj    .         .         .         . 

7-0 

43 

+     2-7 

Sb,0,    .         .         . 

6-5 

4^ 

+     2-6 

TeO„     .         . 

5-1 

68 

+     4-7 

BajOg   . 
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52 

-  10 

La203    . 

6-5 

50 

+     1 

Ce.,04    .         .         .         . 

6-74 

50 

+     2 

Ta^Og             .         .         . 

7-5 

59 

+     4-6 

^V.Os    .         .         . 

6-8 

68 

+     8-2 

Hg,0,                     .         . 

11-1 

39 

+     4-5 

Fh.fi,   . 

8-9 

53 

+     4'2 

ThjO, 

9-86 

54 

+     2 
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As  the  volumes  of  the  chlorides,  organo -metallic  and  all  other 
corresponding  compounds,  also  vary  in  a  like  periodic  succession  with  a 
change  of  elements,  it  is  evidently  possible  to  indicate  the  properties 
of  substances  yet  uninvestigated  l)y  experimental  means,  and  even  those 
of  yet  undiscovered  elements.  It  was  possible  by  following  this  method 
to  foretell,  on  the  basis  of  the  periodic  law,  many  of  the  properties  of 
scandium,  gallium,  and  germanium,  which  were  verified  with  great 
accuracy  after  these  metals  had  been  discovered.^^  The  periodic  law, 
therefore,  has  not  only  embraced  the  mutual  relations  of  the  elements 
and  expressed  their  analogy,  but  has  also  to  a  certain  extent  subjected 
to  law  the  doctrine  of  the  types  of  the  compounds  formed  by  the 
elements  :  it  has  enabled  us  to  see  a  regularity  in  the  variation  of 
all  chemical  and  physical  properties  of  elements  and  compounds,  and 
has  rendered  it  possible  to  foretell  the  properties  of  elements  and 
compounds  yet  uninvestigated  by  experimental  means  ;  thus  it  has  \ 
prepared  the  ground  for  the  building  up  of  atomic  and  molecular 
mechanics.  ^^ 

25  As  an  example  we  will  take  indium  oxide,  lu^O^.  Ity  sp.  gr.  and  sp.  vol.  should  be 
the  mean  of  those  of  cadmium  oxide,  CdoOs,  and  stannic  oxide,  Sn204,  as  indium  stands 
between  cadmium  and  tin.  Thus  in  the  seventies  it  was  already  evident  that  the  volume 
of  indium  oxide  should  be  about  38,  and  its  sp.  gr.  about  7*2,  which  was  confirmed  by  the 
determinations  of  Nilson  and  Pettersson  (7"179)  made  in  1880. 

2*  As  the  distance  between,  and  the  volumes  of,  the  molecules  and  atoms  of  solids 
and  liquids  certainly  enter  into  the  data  for  the  solution  of  the  probleins  of  molecular 
mechanics,  which  as  yet  have  only  been  worked  out  to  any  extent  for  the  gaseous  state, 
the  study  of  the  specific  gravity  of  solids,  and  especially  of  liquids,  has  long  had  an  ex- 
tensive literature.  With  respect  to  solids,  however,  a  great  difficulty  is  met  with,  owing 
to  the  specific  gravity  varying  not  only  with  a  change  of  isomeric  state  (for  example,  for 
silica  in  the  form  of  quartz  =2"65,  and  in  tridymitc  =2'2)  but  also  directly  under  me- 
chanical pressure  (for  example,  in  a  crystalline,  cast,  and  foi'ged  metal),  and  even  with 
the  extent  to  which  they  are  powdered.  &c.,  which  influences  are  imperceptible  in  liquids. 
Compare  Chapter  XIV.,  Note  55  ^^K 

"Without  going  into  further  details,  we  may  add  to  what  has  been  said  above  that  the 
conception  of  specific  volumes  and  atomic  distances  has  formed  the  subject  of  a  large 
number  of  researches,  but  as  yet  it  is  only  possible  to  lay  down  a  few  generalisations  given 
by  Dumas,  Kopp,  and  others,  which  are  mentioned  and  amplified  by  me  in  my  work  cited 
in  Note  20,  and  in  my  memoirs  on  this  subject. 

1.  Analogous  compounds  and  their  isomorphs  have  frequently  approximately  the  same 
molecular  volumes. 

2.  Other  compounds,  analogous  in  their  properties,  exhibit  molecular  volumes  which 
increase  with  the  molecular  weight. 

3.  When  a  contraction  takes  i^lace  in  combination  in  a  gaseous  state,  then  contraction 
is  in  the  majority  of  instances  also  to  be  observed  in  the  solid  or  liquid  state — that  is, 
the  sum  of  the  volumes  of  the  reacting  substances  is  greater  than  the  volume  of  the 
resultant  substance  or  substances. 

4.  In  decomposition  the  reverse  takes  place  *o  that  which  occurs  in  combination. 

5.  In  substitution  (when  the  volumes  in  a  state  of  vapour  do  not  vary)  a  very  small 
change  of  volume  generally  takes  place — that  is,  the  sum  of  the  volumes  of  the  reacting 
substances  is  almost  equal  to  the  sum  of  the  resultant  substances.  . 
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6.  Hence  it  is  impossible  to  jiidge  the  volume  of  the  component  -^uhstunces  from  the 
volume  of  a  compound,  although  it  is  possible  to  do  so  from  the  product  of  substitution. 

7.  The  replacement  of  H..  by  sodium,  Xa.>,  and  by  barium,  Ba,  as  well  as  the  replace- 
ment of  SO4  by  Clo,  scarcely  changes  the  volume,  but  the  volume  increases  with  the 
replacement  of  Na  by  K,  and  decreases  with  the  replacement  of  H.^  by  Li.,,  Cu,  and  Mg. 

8.  There  is  no  need  for  comparing  volumes  in  a  solid  and  liquid  state  at  the  so- 
called  corresponding  temperatures— that  i--.  at  temperatures  at  which  tl^  vapour  tension 
is  equal  in  each  case.  The  comparison  of  volmnes  at  the  ordinary  temperature  is  suffi- 
cient for  finding  a  regularity  in  the  relations  of  volumes  (this  deduction  was  developed 
with  particular  detail  by  me  in  1850 1. 

9.  Many  investigators  (Perseau,  Schroder,  Lowig,  Playfair  and  Joule,  Baudrimont, 
Einhardt)  have  sought  in  vain  for  a  multiple  proportion  in  the  specific  volumes  of  solids 
and  liquids. 

10.  The  truth  of  the  above  is  seen  very  clearly  in  comparing  the  volumes  of  polymeric 
substances.  The  volumes  of  their  molecules  are  equal  in  a  state  of  vapour,  but  are  very 
different  in  a  solid  and  liquid  state,  as  is  seen  from,  the  close  resemblance  of  the  specific 
gravities  of  polymeric  substance^.  But  as  a  rule  the  more  complex  polymerides  are 
denser  than  the  simpler. 

11.  "SVe  know  that  the  hydroxides  of  light  metals  have  generally  a  smaller  volume 
than  the  metals,  whilst  that  of  magnesium  hydroxide  is  considerably  greater,  which  is 
explained  by  the  stability  of  the  former  and  instability  of  the  latter.  Li  proof  of  this  we 
may  cite,  besides  the  volumes  of  the  true  alkali  metals,  the  volume  of^  barium  (36)  which 
is  gi'eater  than  that  of  its  stable  hydroxide  (sp.  gr.  4\j,  sp.  vol.  30).  The  volumes  of  the 
salts  of  magnesium  and  calcium  are  greater  than  the  volume  of  the  metal,  with  the 
single  exception  of  the  fluoride  of  calcium.  With  the  heavy  metals  the  volume  of  the 
compound  is  always  greater  than  the  volume  of  the  metal,  and,  moreover,  for  such  com- 
pounds as  silver  iodide,  Agl  (rf  =  o'7),  and  mercuric  iodide,  Hgl2  {d  =  G%  and  the  volumes 
of  the  compounds  41  and  73 1,  the  volume  of  the  compound  is  greater  than  the  sum  of  the 
volumes  of  the  component  elements.  Thus  the  sum  of  the  volumes  Ag  + 1  —  3G,  and  the 
volume  of  Agl  =  41.  This  stands  out  with  particular  clearness  on  comparing  the  volumes 
K  +  I  =  71  with  the  volume  of  KI,  which  is  equal  to  54,  because  its  density  =  3"06. 

1'2.  In  such  combinations,  between  solids  and  liquids,  as  solutions,  alloys,  isomorphous 
mixtures,  and  similar  feeble  chemical  compounds,  the  sum  of  the  reacting  substances  is 
always  \evy  nearly  that  of  the  resulting  substance,  but  here  the  volume  is  either  slightly 
larger  or  smaller  than  the  original;  speaking  generally,  the  amount  of  contraction 
depends  on  the  force  of  affinity  acting  between  the  combining  substances.  I  may  here 
observe  that  the  present  data  respecting  the  specific  volmues  of  soUd  and  liquid  bodies 
deserve  a  fresh  and  full  elaboration  to  explain  many  contradictory  statements  which 
have  accumulated' on  tlxi-^  j^ubject. 
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CHAPTER    XVI 

ZINC,    CADMIUM,    AND    MERCURY 

These  three  metals  give,  like  magnesium,  oxides  RO,  which  form 
feebly  energetic  bases,  and  like  magnesium  they  are  volatile.  The 
volatility  increases  with  the  atomic  weight.  Magnesium  can  be  dis- 
tilled at  a  white  heat,  zinc  at  a  temperature  of  about  9-30°,  cadmium 
about  770°,  and  mercury  about  361°.  Their  oxides,  RO,  are  more 
easily  reducible  than  magnesia,  and  mercuric  oxide  is  the  most  easily 
reducible.  The  properties  of  their  salts  RX^,  are  very  similar  to 
the  properties  of  MgX2.  Their  solubility,  power  of  forming  double 
and  basic  salts,  and  many  other  qualities  are  in  many  respects  identical 
with  those  of  MgXj.  The  greater  or  less  ease  with  which  they  are 
oxidised,  the  instability  of  their  compounds,  the  density  of  the  metals 
and  their  compounds,  their  scarcity  in  nature,  and  many  other  properties 
gradually  change  with  the  increase  of  atomic  weight,  as  might  be 
expected  from  the  periodicity  of  the  elements.  Their  principal  charac- 
teristics, as  contrasted  with  magnesium,  find  a  general  expression  in  the 
fact  that  zinc,  cadmium,  and  mercury  are  heavy  metals. 

Zinc  stands  nearest  to  magnesium  in  atomic  weight  and  in  pro- 
perties. Thus  zinc  sulphate,  or  white  vitriol,  easily  crystallises  with 
seven  molecules  of  water,  ZnS04,7H20.  It  is  isomorphous  with  Epsom 
salts,  and  parts  with  difficulty  with  the  last  molecule  of  water  ;  it 
forms  double  salts — for  instance,  ZnK2(S04)2,6H20 — exactly  as  mag- 
nesium sulphate  does.  '     Zinc  oxide,  ZnO,  is  a  white  powder,  almost  in- 

^  Zinc  sulphate  is  often  obtained  as  a  by-product — for  instance,  in  the  action  of 
galvanic  batteries  containing  zinc  and  sulphuric  acid.  When  the  anhydrous  salt  is  heated 
it  forms  zinc  oxide,  sulphurous  anhydride,  and  oxygen.  The  solubility  in  100  parts  of 
water  at  0°  =  4S,  20°  =  53,  40°  =  6Si,  60°  =  74,  80°  =  81i,  100°  =  95  parts  of  anhydrous  zinc 
sulphate-=-that  is  to  say,  it  is  closely  expressed  by  the  foiTQula  43-t-0'52^ 

An  admixture  of  iron  is  often  found  in  ordinary  sulphate  of  zinc  in  the  form  of  ferrous 
sulphate,  FeS04,  isomorphous  with  the  zinc  sulphate.  In  order  to  separate  it,  chlorine  is 
passed  through  the  solution  of  the  impure  salt  (when  the  ferrous  salt  is  converted  into 
ferric),  the  solution  is  then  boiled,  and  zinc  oxide  is  afterwards  added,  which,  after  some 
time  has  elapsed,  precipitates  all  the  ferric  oxide.  Ferric  oxide  of  the  form  '^O-  is  dis- 
placed by  zinc  oxide  of  the  form  RO. 
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soluble  in  water,^  like  magnesia,  from  which,  however,  it  is  distinguished 
by  its  solubility  in  solutions  of  sodium  and  potassium  hydroxides.  ^ 
Zinc   chloride  ^    is    decomposed    by  water,  combines  with   ammonium 

-  Zinc  oxide  is  obtained  both  by  the  combustion  and  oxidation  of  zinc,  and  by  the 
ignition  of  some  of  its  salts — for  instance,  those  of  carbonic  and  nitric  acids;  it  is  likewise 
precipitated  by  alkalis  from  a  solution  of  ZnXo  in  the  form  of  a  gelatinous  hydroxide. 
The  oxide  produced  by  roasting  zinc  blende  (by  buniing  in  the  air,  when  the  sulphur  is 
converted  into  sulphurous  anhydride)  contains  various  impurities.  For  purification,  the 
oxide  is  mixed  with  ^vater,  and  the  sulphurous  anhydride  formed  by  roasting  the  blende 
is  passed  through  it.  Zinc  bisulphite,  ZnSOsjHsSO.-,,  then  passes  into  solution.  If  =i 
solution  of  this  salt  be  evaporated,  and  the  residue  ignited,  zinc  oxide,  free  from  many 
of  its  impurities,  will  remain.  Zinc  oxide  is  a  light  white  powdei,  used  as  a  paint  instead 
of  white  lead]  the  basic  salt,  corresponding  with  magnesia  alba,  is  used  for  the  same 
purpose.  V".  KourilofE  (1890)  by  boiling  the  hydrate  of  the  oxide  with  a  3  p.c.  solution  of 
peroxide  of  hydrogen  obtained  ZnoH204  or  the  hydrate  of  the  peroxide  ( =  Zn02ZnH202 
or  a  compound  of  2ZnO  with  H.^0>),  which  did  not  part  with  its  oxygen  at  100-,  but 
only  above  120°.  Cadmium  gives  a  similar  compound  of  a  yellow  colour.  Magnesium, 
although  it  does  form  such  a  compound,  does  so  with  great  difficulty. 

^  For  the  solution  of  one  part  of  the  oxide  55,4^00  parts  of  water  are  required.  Never- 
theless, even  in  such  a  weak  solution,  zinc  oxide  (hydroxide,  ZnHoO.j)  thanges  the  colour 
of  red  litmus  paper.  Zinc  oxide  is  obtained  in  the  wet  way  by  adding  an  alkali  hydrox- 
ide to  a  solution  of  a  zinc  salt — for  instance:  ZnS04  +  2HKO  =  KoS04  +  ZnH202-  The 
gelatinous  precipitate  of  zinc  hydroxide  is  soluble  in  an  excess  of  alkali,  which  clearly 
distinguishes  it  from  magnesia.  This  solubility  of  zinc  hydroxide  in  alkalis  is  due  to  the 
power  of  zinc  oxide  to  form  a  compound,  although  an  unstable  one,  with  alkalis — that  is 
to  say,  points  to  the  fact  that  zinc  oxide  already  partly  belongs  to  the  intermediate  oxides. 
The  oxides  of  the  metals  above  mentioned  (excei:)t  BeO)  do  not  show  this  property.  The 
pi'operty  which  metallic  zinc  itself  has  of  dissolving  in  caustic  alkali  with  the  disengage- 
ment of  hydrogen  (the  solution  is  facilitated  by  contact  with  platinum  or  iron)  depends 
on  the  formation  of  such  a  compound  of  the  oxides  of  zinc  and  the  alkali  metals.  The 
solution  of  zinc  hydroxide,  ZnHaO^,  in  potash  (in  a  strong  solution),  proceeds  when  these 
hydrates  are  taken  in  proportion  to  ZnHo02  +  KHO.  If  such  a  solution  be  evaporated  to 
dryness,  water  extracts  only  caustic  potash  from  the  fused  residue.  When  a  solution  of 
zinc  hydroxide  in  strong  alkali  is  mixed  with  a  large  mass  of  water,  nearly  all  the  oxide 
of  zinc  is  precipitated  ;  and,  therefore,  in  weak  solutions,  a  large  quantity  of  the  alkali  is 
required  to  effect  solution,  which  points  to  the  decomposition  of  the  zinc-alkali  compounds 
by  water.  If  strong  alcohol  be  added  to  a  solution  of  zinc  oxide  in  sodium  hydroxide, 
the  crystallo-hydrate,  2Zn(OH)(ONa),7H20,  separates. 

■*  Zinc  chloi-ide,  ZnClg,  is  generally  employed  in  the  arts  in  the  form  of  a  solution  ob- 
tained by  dissolving  zinc  in  hydrochloric  acid.  This  solution  is  used  for  soldering  metals, 
impregnating  wood,  &c.  The  reason  why  it  is  thus  employed  may  be  understood  from  its 
properties.  When  evaporated  it  first  parts  with  its  water  of  crystallisation  ;  on  being 
further  heated,  however,  it  loses  all  traces  of  water,  and  forms  an  oily  mass  of  anhydrous 
salt  which  solidifies  on  cooling.  This  substance  melts  at  250°,  commences  to  vola- 
tilise at  about  400^,  and  boils  at  730°.  The  soldering  of  metals — that  is,  the  intro- 
duction of  an  easily  fusible  metal  between  two  contiguous  metallic  objects — is  hindered 
by  any  film  of  oxide  upon  them ;  and,  as  heated  metals  easily  oxidise,  they  are  naturally 
difficult  to  solder.  Zinc  chloride  is  used  to  prevent  the  oxidation.  It  fuses  on  being 
heated,  and,  covering  the  metal  with  an  oily  coating,  prevents  contact  with  the  air; 
but  even  if  any  oxide  has  formed,  the  free  hydrochloric  acid  generally  existing  in  the 
zinc  chloride  solution  dissolves  it,  and  in  this  way  the  metallic  surface  of  the  metals 
to  be  soldered  is  preserved  fit  for  the  adhesion  of  the  liquid  solder,  which,  on 
coohng,  binds  the  objects  together.  Much  zinc  chloride  is  used  also  for  steeping 
wood    (telegraph-posts  and    railway-sleepersj    in    order  to   preserve    it  from  decaying 
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chloride,  potassium  chloride,  &c.,  just  like  magnesium  chloride,  forms 
an  oxychloride,  and  also  combines  with  zinc  oxide."*  ^^^ 

Zinc,  like  many  heavy  metals,  is  oiten/ou7id  in  nature  in  combina- 

quicldy;  tliis  preservative  action  is  in  all  probability  mainly  due  to  the  poisonous 
character  of  zinc  salts  (corrosive  sublimate  is  still  more  poisonous,  and  a  still  better 
agent  to  preserve  wood  from  decay),  since  decay  is  due  to  the  action  of  lower 
organisms. 

The  specific  gravity  of  solutions  containing  p  per  cent,  of  zinc  cliloride,  ZnCla,  is  as 
follows : 

jj  -   10  20  80  40  50 

lo°/4°  =   1-003  1-184  1-293  1-411  1-554 

ds/df  =       -3  -5  -7  -8  -9 

The  last  line  shows  the  change  of  specific  gravity  for  1°  in  ten- thousandth  parts  for  tem- 
peratures near  15°.  More  accurate  determinations  of  Cheltzofi,  personally  communicated 
by  him,  led  him  to  conclude  that  solutions  of  zinc  chloride  follow  the  same  laws  as  the 
solutions  of  sulphuric  acid,  which  will  be  considered  in  Chapter  XX. :  (1)  from  HuO  to 
ZnCl2,120H2O  s=So  +  92-85jj  +  0-1748jj2;  (2)  from  thence  to  ZnCU,40H2O  s  =  So4- 93-96^ 
-0-0126^2;  (3)  thence  to  ZnCl2,25HoO  s  =  11481'5  + 96*45  (_p~  15-89) +  0-4567  (^-15-89)- ; 
(4)  thence  to  ZnCl.>,10H.2O  s  =  12212-1 +  104-82  (jj- 23-21) +  0-7992  (j?-23-21)'';  (5)  thence 
to  j^  =  65  p.c.  5  =  14606-3  +  140-96  (^-43-05)  +  l-4905  (j?- 48-05),^  where  s  is  the  specific 
gravity  of  the  solution  at  15°,  containing  p  p.c.  of  ZnClj  by  weight,  taking  water  at 
4°  =  10000,  and  where  So  =  9991-6  (specific  gravity  of  water  at  15°).  The  compound  of 
zinc  chloride  with  hydrocliloric  acid  has  been  mentioned  in  Vol.  I.  Chapter  X. 

Zinc  cliloride  has  a  great  affinity  for  water ;  it  is  not  only  soluble  in  it,  but  in  alcohol, 
and  on  being  dissolved  in  water  becomes  considerably  heated,  like  magnesium  and 
calcium  chlorides.  Zinc  chloride  is  capable  of  taking  up  water,  not  only  in  a  free  state, 
but  also  in  chemical  combination  with  many  substances.  Thus,  for  instance,  it  is 
used  in  organic  researches  for  removing  the  elements  of  water  from  many  of  the  organic 
compounds. 

4  bis  "When  mixed  with  zinc  oxide  it  forms,  with  remarkable  ease,  a  very  hard  mass  of 
zinc  oxychloride,  which  is  applied  in  the  arts ;  for  instance,  in  painting,  to  resist  the 
action  of  water,  or  for  cementing  such  objects  as  are  destined  to  remain  in  water.  Zinc 
oxychloride,  ZnCl2,3ZnO,2HoO(  =  Zn20Clo,2ZnH202),  is  also  formed  from  a  solution  of 
zinc  chloride  by  the  action  of  a  small  quantity  of  ammonia  on  it  after  heating  the  pre- 
cipitate obtained  with  the  liquid  for  a  considerable  time  ;  the  admixture  of  ammonium 
salts  with  a  mixture  of  a  strong  solution  of  zinc  chloride  with  its  oxide  makes  a  similar 
mass,  which  does  not  solidify  so  rapidly,  and  is  therefore  more  useful  for  some  purposes. 
Moisture  and  cold  do  not  change  the  hardened  mass  of  o?;ychloride,  and  it  also  resists 
the  action  of  many  acids,  and  a  temperature  of  300°,  which  makes  it  a  useful  cement  for 
many  purposes.  A  solution  of  magnesium  chloride  with  magnesium  oxide  forms  a 
similar  oxychloride.  The  mass  solidifies  best  when  there  are  equal  quantities  by  weight 
of  zinc  in  the  chloride  and  oxide,  and  therefore  when  it  has  the  composition  ZngOClo 
In  preparing  such  a  cement,  naturally  zinc  oxide  alone  may  be  taken,  and  the  requisite 
quantity  of  hydrochloric  acid  added  to  it.  The  capacity  of  ZnCU  to  combine  with  water, 
ZnO,  and  HCl  (and  also  with  other  metallic  chlorides)  indicates  its  property  to  combine 
with  molecules  of  other  substances,  and  therefore  its  compounds  withNHj,  and  especially 
a  compound,  ZnCl22NH5,  similar  to  sal-ammoniac,  might  be  expected  {i.e.  2NH4CI,  in 
which  H2  is  replaced  by  Zn).  And  indeed  it  has  long  been  known  that  ZnCU  absorbs 
ammonia  and  gives  solid  substances  capable  of  dissociating  with  the  disengagement  of 
NH5.  Among  these  compounds  Isambert  and  V.  Kouriloff  (1894)  obtained  ZnCl26NH5) 
ZnCl24NH3,  ZnCl22NH-,  and  ZnClgNHs.  The  dissociation  tension  of  the  two  last- 
mentioned  compounds  at  218°  is  equal  to  43-6  mm.  and  6-7  mm.  CdCl2  also  forms 
similar  compounds  with  NH-  (Kouriloff,  1894). 
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Hon  with  siilpli  ur,  forming  the  so-called  ziitc  blende, '''  ZuS.  It  sometimes 
occurs  in  large  masses,  often  crystallised  in  cubes  ;  it  is  frequently 
translucent,  and  has  a  metallic  lustre,  although  this  is  not  so  clearly 
developed  as  in  many  other  metallic  sulphides  with  which  we  shall  here- 
after become  acquainted.  The  ores  of  zinc  also  comprise  the  carbonate, 
calamine,  and  silicate,  siliceous  calamine. 

Metallic  zinc  (spelter)  is  most  frequently  obtained  from  the  ores 
containing  the  carbonate ''' — that  is,  from  calamine,  which  is  sometimes 

found  in  thick  veins  :  for  instance,  in 
Poland,  Galicia,  in  some  places  on  the 
banks  of  the  Rhine,  and  in  considerable 
masses  in  Belgium  and  England.  In 
Russia  beds  of  zinc  ore  are  met  with  in 
Poland  and  the  Caucasus,  but  the  output 
is  small.  In  Sweden,  as  early  as  the 
fifteenth  century,  calamine  was  worked 
up  into  an  alloy  of  zinc  and  copper  (brass), 
and  Paracelsus  produced  zinc  from  cala- 
mine ;  but  the  technical  production  of  the 
metal  itself,  long  ago  practised  in  China, 
only  commenced  in  Europe  iw  1807 — in 
Belgium,  when  the  Abbe  Donnet  discovered 
that  zinc  was  volatile.  From  that  time 
the  production  increased  until  it  is  now  about  150  million  kilograms  in 
Germany  alone. 

The  reduction  of  metallic  zinc  from  its  ores  is  based  on  the  fact  that 
zinc  oxide  ^  is  easily  reduced  by  charcoal    at  a  red    heat  :    ZnO  +  C 

^  This  mineral  has  been  given  the  name  of  '  mock-ore,'  on  account  of  its  having  tlie 
appearance  (considerable  density,  4"O0>,  t^'c.)  of  ordinary  metallic  ores ;  it  deceived  the 
first  miners,  because  it  did  not,  like  other  ores,  give  metal  when  simply  roasted  in  air  and 
fused  with  charcoal.  The  white  zinc  oxide,  formed  by  burning  the  vapours  of  zinc,  was 
also  called  '  nihil  album,'  or  '  white  nothing,'  on  account  of  its  lightness. 

''  It  may  be  here  mentioned  that  by  the  word  ore  is  meant  a  hard,  heavy  substance 
dug  out  of  the  earth,  which  is  used  in  metallurgical  works  for  obtaining  the  usual  heavy 
metals  long  known  and  used.  The  natural  compounds  of  sodium,  or  magnesium,  are 
not  called  ores,  because  magnesium  and  sodium  have  not  been  long  obtainable  in  quan- 
tity. The  heavy  metals,  those  which  are  easily  reduced  and  do  not  easily  oxidise,  are 
exclusively  those  which  are  directly  applied  in  manufactures.  Ores  either  contain  the  metals 
themselves  (for  instance,  ores  of  silver  or  bismuth),  and  the  metals  are  then  said  to  be  in  a 
native  state,  or  else  their  sulphur  compounds  (blende,  mock-ore,  pyrites — as,  for  example, 
galena,  PbS  ;  zinc  blende,  ZnS  ;  copper  pyrites,  CuFeS)  or  oxides  (as  the  ores  of  iron),  or 
salts  (calamine,  for  instance).  Zinc  is  incomparably  rarer  than  magnesium,  and  is  only 
well  known  because  it  is  transformed  from  its  ores  into  a  metal  which  finds  direct  use  in 
many  branches  of  industry. 

^  Ores,  when  extracted  from  the  earth  by  the  miners,  are  often  enriched  by  sorting, 
washing,  and  other  mechanical  operations.     The  sulphurous  ores  (and  likewise  others) 


Fia.  80. — Distillation  of  zinc  in  a 
crucible  placed  in  a  furnace,  o  c, 
tube  along  which  the  vapour 
passes  and  condenses. 
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=  Zn  +  CO.  The  zinc  thus  obtained  is  in  a  finely  divided  state  and 
impure,  being  mixed  with  other  metals  reduced  with  it,  but  the  greater 
portion  is  converted  into  vajiour,  from  which  it  easily  passes  into  a 
liquid  or  solid  state.  The  reduction  and  distillation  are  carried  on  in 
earthenware  retorts,  filled  with  a  mixture  of  the  divided  ore  and 
charcoal.  The  vapours  of  zinc  and  gases  formed  during  tlie  reaction 
escape  by  means  of  a  pipe  leading  downwards,  and  are  led  to  a  chambei- 
where  the  vapours  are  cooled.  By  this  means  they  do  not  come  into 
contact  with  the  air,  because  the  neck  of  the  retort  is  filled  with 
gaseous  carbonic  oxide,  and  therefore  the  zinc  does  not  oxidise  ;  other- 
wise its  vapour  would  burn  in  the  air.'' '''-  Thg  vapours  of  zinc,  enter- 
ing into  the  cooling  chamber,  condense  into  white  zinc  powder  or  zinc 
dust.  When  the  neck  of  the  retort  is  heated  the  zinc  is  obtained  in 
a  liquid  state,  and  is  cast  into  plates,  in  which  form  it  is  generally 
sold. 

Commercial  zinc  is  generally  impure,  containing  a  mixture  of  lead, 
particles  of  carbon,  iron,  and  other  metals  carried  over  with  the  vapours, 
although  they  are  not  volatile  at  a  temperature  approaching  1000°.  If 
it  be  required  to  obtain  pure  zinc  from  the  commercial  article,  it  is  sub- 
jected to  a  further  distillation  in  a  crucible  with  a  pipe  passing  through 
the  bottom,  the  vapours  formed  by  the  heated  zinc  only  having  exit 
through  the  pipe  cemented  into  the  bottom  of  the  crucible.  Passing 
through  this  pipe,  the  vapours  condense  to  a  liquid,  which  is  collected 
in  a  receiver.  Zinc  thus  purified  is  generally  re-melted  and  cast  into 
rods,  and  in  this  form  is  often  used  for  physical  and  chemical  researches 
where  a  pure  article  is  required.^ 

are  then  generally  roasted.  Roasting  an  ore  ineaDS  heating  it  to  redness  in  air.  The 
sulphur  then  burns,  and  passes  off  in  the  fonn  of  sulphurous  anhydride,  SO2,  and  the 
metal  oxidises.  The  roasting  is  carried  on  in  order  to  obtain  an  oxide  instead  of  a 
sulphur  compound,  the  oxide  being  reducible  by  charcoal.  These  methods,  introduced 
ages  ago,  are  met  with  in  nearly  all  metallurgical  works  for  practically  all  ores.  For 
this  reason  the  preparatory  treatment  of  zinc  blende  fimiishes  zinc  oxide  :  this  is  already 
contained  in  calamine. 

7  bis  "SVith  very  impure  ores,  especially  such  as  contain  lead  (PbS  often  accompanies 
zinc),  the  vapour  of  the  reduced  zinc  is  allowed  to  pass  directly  into  the  air.  It  burns 
and  gives  ZnO,  which  is  used  as  a  pigment. 

s  This  zinc,  although  homogeneous,  still  contams  certain  impurities,  to  remove  which 
it  is  necessary  to  prepare  some  salt  of  zinc  in  a  pure  state  and  transform  it  into  carbonate) 
which  latter  is  then  distilled  with  charcoal ;  and,  as  thin  sheets  of  zinc  can  only  be  obtained 
from  very  pure  metal,  they  are  frequently  made  use  of  in  cases  where  pure  zinc  is  required. 
In  order  to  remove  the  arsenic  from  zinc,  it  was  proposed  to  melt  it  and  mix  it  witli 
anhydrous  magnesium  chloride,  by  which  means  vapours  of  zinc  chloride  and  arsenic 
chloride  are  formed.  Perfectly  pure  zinc  is  made  (V.  Meyer  and  others)  by  decomposing, 
by  means  of  the  galvanic  current,  a  solution  of  zinc  sulphate  to  which  an  excess  of 
ammonia  has  been  added.  The  zinc  used  for  Marsh's  arsenic  test  (Chapter  XIX.)  iw 
purified  from  As  by  fusing  it  with  KNO5  and  then  with  ZnCl.^. 
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Metallic  zinc  has  a  bluish-white  colour  ;  its  lustre,  compared  with 
many  other  metals,  is  insignificant.  When  cast  it  exhibits  a  crystalline 
structure.  Its  specific  gravity  is  about  7— that  is,  varies  from  6-8 
to  7-2,  according  to  the  degree  of  compression  (by  forging,  rolling,  etc.) 
to  which  it  has  been  subjected.  It  is  very  ductile,  considering  its 
hardness.  For  this  reason  it  chokes  up  files  when  being  worked.  Its 
malleability  is  considerable  when  pure,  hut  in  the  ordinary  impure  con- 
dition in  which  it  is  sold,  it  is  impossible  to  roll  it  at  the  ordinary 
temperature,  as  it  easily  breaks.  At  a  temperature  of  100°,  however, 
it  easily  undergoes  such  operations,  and  can  then  be  drawn  into  wire 
or  rolled  into  sheets,  y  heated  further  it  again  becomes  brittle,  and 
at  200°  may  be  even  crushed  into  powder,  so  completely  does  it  lose 
its  molecular  cohesion.     It  melts  at  418-,  and  distils  at  930° 

Zinc  does  not  undergo  any  change  in  the  atmosphere.  Even  in 
very  damp  air  it  only  becomes  slowly  coated  with  a  very  thin  white 
coating  of  oxide.  For  this  reason  it  is  available  for  all  objects  which 
are  only  in  contact  with  air.  Therefore  sheet  zinc  may  be  used  for 
roofing  and  many  other  purposes.'  This  great  unchangeability  of  zinc 
in  the  air  shows  its  slight,  energy  with  regard  to  oxygen  compared 
with  the  metals  already  mentioned,  which  are  capable  of  reducing  zinc 
from  solutions.  But  zinc  plays  this  part  with  regard  to  the  remaining 
metals — for  example,  it  reduces  salts  of  lead,  copper,  mercury,  &c. 
Although  zinc  is  an  almost  unoxidisable  metal  at  the  ordinary 
temperature,  it  burns  in  the  air  on  being  heated,  particularly  when 
in  the  form  of  shavings  or  in  the  condition  of  vapour.  At  the 
ordinary  temperature  zinc  does  not  decompose  water — at  any  rate,  if 
the  metal  be  in  a  dense  mass.  But  even  at  a  temperature  of  100°  zinc 
begins  little  by  little  to  decompose  water ;  it  easily  displaces  the 
hydrogen  of  acids  at  the  ordinary  temperature,  and  of  alkalis  on 
being  heated. 

In  this  respect  the  action  of  zinc  varies  a  great  deal  with  the 
degree  of  its  purity.  "Weak  sulphuric  acid  (corresponding  with  tiie 
composition  Il2S04,8H20)  at  the  ordinary  temperature  does  not  act  at 
all  on  chemically  pure  zinc,  and  even  a  stronger  solution  acts  very 
slowly.  If  the  temperature  be  raised,  and  particularly  if  the  zinc  be 
previously  slightly  heated,  so  as  to  cover  the  surface  with  a  film  of 
oxide,  chemically  pure  zi^c  acts  on  sulphuric  acid.  Thus,  for  example, 
one  cubic  centimetre  of  zinc  in  sulphuric  acid  having  a  composition 

^  Cornices  aud  other  arcliitectural  ornaments,  remarkable  for  tlieir  lightness  and 
beanty,  are  stamped  out  of  sheet  zinc.  Zinc-roofing  does  not  require  painting,  but  it 
melts  during  a  conflagration,  and  even  bums  at  a  strong  heat.  Many  iron  vessels,  &c., 
are  covered  with  zinc  (*  galvanised  'J  in  order  to  prevent  them  from  rusting. 
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H2SO,|,6H20  at  the  ordinary  temperature  in  two  hours  only  dissolves 
to  the  extent  of  0'018  gram,  and  at  a  temperature  of  100°  about 
3*5  grams.  If  we  compare  this  slow  action  with  that  rapid  evolution 
of  hydrogen  which  occurs  in  the  case  of  commercial  zinc,  we  see  that 
the  influence  of  those  impurities  in  the  zinc  is  very  great.  Every 
particle  of  charcoal  or  iron  introduced  into  the  mass  of  the  zinc,  and 
likewise  the  connection  of  the  zinc  with  a  piece  of  another  electro- 
negative metal,  assists  such  a  dissolution.  The  slowness  of  the  action 
of  sulphuric  acid  on  pure  zinc  (and  likewise  on  amalgamated  zinc)  may 
also  be  explained  by  the  fact  that  a  layer  of  hydrogen  ^^  collects  on 
the  surface  of  the  metal,  preventing  contact  between  the  acid  and  the 
metal.ioHs 

The  action  of  zinc  on  acids,  and  the  consequent  formation  of  zinc 

^°  Veeren  (1891)  proved  this  by  simple  experiments,  finding  that  in  vacuo  the  solution 
proceeds  far  more  rapidly  for  both  pure  and  commercial  zinc,  and  still  more  rapidly  in 
the  presence  of  oxidising  agents  (which  absorb  the  hydrogen)  like  CrOg  and  H2O0. 

10  bis  ijijig  addition  of  cupric  sulphate,  or,  better  still,  a  few  drops  of  platinic  chloride 
(the  metals  become  reduced),  to  the  sulphuric  acid  greatly  accelerates  the  evolution  of  the 
hydrogen,  because  in  this  case,  as  with  commercial  zinc,  galvanic  couples  are  formed 
locally  by  the  copper  or  platinum  and  the  zinc,  under  the  influence  of  which  the  zinc  • 
rapidly  dissolves.  The  action  of  acids  on  metallic  zinc  of  various  degrees  of  x^nrity  has 
been  the  subject  of  many  investigations,  particularly  important  with  reference  to  the 
application  oE  zinc  in  galvanic  batteries,  whilst  some  investigations  have  direct  signifi- 
cance for  chemical  mechanics,  although  from  many  points  of  view  the  matter  is  not 
clear.     I  consider  it  useful  to  mention  certain  of  these  investigations. 

Calvert  and  Johnson  made  the  following  series  of  observations  on  the  action  of  sul- 
phuric acid  of  various  degi-ees  of  concentration  on  2  grams  of  pure  zinc  during  two  hours. 
In  the  cold  the  concentrated  acid,  HoSO^,  does  not  act,  H2S04,2H20  dissolves  about 
0'002  gram,  but  principally  forms  hydrogen  sulphide,  which  is  obtained  also  when  the 
dilution  reaches  H.2S04,7H20,  when  0"035  gram  of  zinc  is  dissolved.  When  largely 
diluted  with  water,  pure  hydrogen  begins  to  be  disengaged.  H2S04,2H20  at  130°  gives 
a  mixture  of  hydrogen  sulphide  and  sulphurous  anhydride  dissolving  0"156  gram  of  zinc. 

Bouchardat  showed  that  if  in  a  vessel  made  of  glass  or  sulphur  dilute  sulphuric  acid 
acting  on  a  piece  of  zinc  liberates  one  part  of  hydrogen,  theii  the  same  acid  with  the  same 
piece  of  zinc  in  the  same  time  will  liberate  4  parts  of  hydrogen  if  the  vessel  be  made  of 
tin — that  is,  zinc  forms  a  galvanic  couple  with  tin;  in  a  leaden  vessel  9  parts  of  hydrogen 
are  set  free,  with  a  vessel  of  antimony  or  bismuth  13  parts,  silver  or  platinum  38  parts, 
copper  50  parts,  iron  43  parts.  If  a  salt  of  platinum  be  added  to  the  dilute  sulphuric 
acid  (1  part  of  acid  and  12  parts  of  water),  Millon  determined  that  the  rapidity  of  the 
action  on  the  zinc  is  increased  149  times,  and  by  the  addition  of  copper  sulphate  is  ren- 
dered 45  times  greater  than  the  action  of  pure  sulphuric  acid.  The  salts  which  are 
added  are  reduced  to  metals  by  the  zinc,  their  contact  ser\^ing  to  promote  the  reaction 
because  they  form  local  galvanic  currents. 

According  to  the  observations  of  Cailletet,  if,  at  the  ordinary  pressure,  sulphuric  acid 
with  zinc  liberates  100  parts  of  hydrogen,  then  with  a  pressure  of  60  atmospheres 
47  parts  will  be  liberated  and  1  part  at  a  pressure  of  120  atmospheres.  With  a  reduced 
pressure  under  the  receiver  of  an  air-pump  168  parts  are  liberated.  Helmholtz  showed 
that  a  reduced  pressure  also  exercises  its  influence  on  galvanic  elements. 

Debray,  Lowel,  and  others  showed  that  zinc  liberates  hydrogen  and  fonns  basic  salts 
and  zinc  oxide  with  solutions  of  many  salts— for  instance,  MCln,  aluminium  sulphate,  and 
alum,     Sodium  and  potassium  carbonates  scarcely  act,  because  they  form  carbonates. 
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salts,  interferes  with  its  application  in  many  cases,  particularly  for  the 
preservation  of  liquids  either  containing  or  capable  of  developing 
acid.  For  this  leason  zinc  vessels  ought  not  to  be  used  for  the  prepa- 
ration or  preservation  of  food,  as  this  often  contains  acids  which  form 

The  salts  of  ammonia  act  more  strongly  than  the  salts  of  potassium  and  sodium ;  the 
zinc  remains  bright.  It  is  evident  that  this  action  is  founded  on  the  formation  of 
double  salts  and  basic  salts. 

The  variation  with  concentration  in  the  rate  of  the  action  of  sulphuric  acid  on  zinc 
(containing  impurities)  under  otherwise  uniform  conditions  is  in  evident  connection  with 
the  electrical  conductivity  of  the  solution  and  its  viscosity,  although,  when  largely 
diluted,  the  action  is  almost  proportional  to  the  amount  of  acid  in  a  known  volume  of 
the  solution.  Forging,  casting  the  molten  metal,  and  similar  mechanical  influences 
change  the  density  and  hardness  of  zinc,  and  also  strongly  influence  its  power  of  liberating 
hydrogen  from  acids.  Kayander  showed  (1881)  that  when  magnesium  is  submitted  to 
the  action  of  acids :  (a)  the  action  depends,  not  on  the  nature  of  the  acid,  but  on  its 
basicity ;  (b)  the  increase  of  the  action  is  more  rapid  than  the  gro^\iih  of  the  concentration ; 
and  (c)  there  is  a  decrease  of  action  with  the  increase  of  the  coefficient  of  internal 
friction  and   electrical  conductivity. 

Spring  and  Aubel  (1887)  measured  the  volume  of  hydrogen  disengaged  by  an  alloy 
of  zinc  and  a  small  quantity  of  lead  (0'6  p.c),  because  the  action  of  acids  is  theu  uni- 
form. In  order  to  deal  with  a  known  surface,  spheres  were  taken  (9"5  millimetres 
diameter)  and  cylinders  (17  mm.  dia.),  the  sides  of  which  were  covered  with  wax  in  order 
to  limit  the  action  to  the  end  surfaces.  During  the  commencement  of  the  action  of  a 
definite  quantity  of  acid  the  rapidity  increases,  attains  a  maximum,  and  then  declines  as 
the  acid  becomes  exhausted.  The  results  for  5,  10,  and  15  per  cent,  of  hydrochloric  acid 
are  given  below.  H  denotes  the  number  of  cubic  centimetres  of  hydrogen,  D  the  time 
in  seconds  elapsing  after  the  zinc  spheres  have  been  plunged  into  the  acid.  At  15°  were 
obtained : 
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In  consequence  of  tlie  complex  character  of  the  phenomenon,  the  authors  themselves 
do  not  consider  their  determinations  as  heiug  conclusive,  and  only  give  them  a  relative 
significance  ;  and  in  this  connection  it  is  remarkahle  that  hydrobromic  acid  under  similar 
conditions  (with  an  equivalent  strength)  gives  a  greater  (from  2  to  5  times)  rapidity  of 
action  than  hydrochloric  acid,  but  sulphuric  acid  a  far  smaller  velocity  (nearly  25  times 
smaller).  It  is  also  remarkable  that  during  the  reaction  the  metal  becomes  much  more 
heated  than  the  acid. 

It  may  be  mentioned  that  zinc  dust  and  zinc  itself,  when  heated  with  hydrated  lime 
anxl  similar  hydrates,  disengages  hydrogen  :  this  method  has  even  been  proposed  for 
obtaining  hydrogen  for  filling  war  balloons. 
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poisonous  salts  with  the  zinc.  Even  ordinary  water,  containing  car- 
bonic acid,  slowly  attacks  zinc. 

Finely  divided  zinc,  or  zinc  dust,  obtained  in  the  distillation  of 
the  metal  when  the  receiver  is  not  heated  up  to  the  melting  point,  on 
account  of  its  presenting  a  large  surface  of  contact  and  containing 
foreign  matter  (particularly  zinc  oxide),  has  in  the  highest  degree  the 
property  of  decomposing  acids,  and  even  water,  which  it  easily  de- 
composes, particularly  if  slightly  heated.  On  this  account  zinc  dust  is 
often  used  in  laboratories  and  factories  as  a  reducing  agent.  A  similar 
influence  of  the  finely  divided  state  is  also  noticed  in  other  metals — 
for  instance,  copper  and  silver — which  again  shows  the  close  con- 
nection between  chemical  and  physico-mechanical  phenomena.  We 
must  first  of  all  turn  to  this  close  connection  for  an  explanation 
of  the  widely  spread  application  of  zinc  in  galvanic  batteries,  where 
the  chemical  (latent,  potential)  energy  of  the  acting  substances  is  ti-ans- 
formed  into  (evident,  kinetic)  galvanic  energy,  and  through  this  latter 
into  heat,  light,  or  mechanical  work. 

Hermann  and  Stromeyer,  in  1819,  showed  that  cadmium  is  almost 
always  found  with  zinc,  and  in  many  respects  resembles  it.  When 
distilled  the  cadmium  volatilises  sooner,  because  it  has  a  lower  boiling 
point.  Sometimes  the  zinc  dust  obtained  by  the  first  distillation  of 
zinc  contains  as  much  as  -5  per  cent,  of  cadmium.  When  zinc  blende, 
containing  cadmium,  is  roasted,  the  zinc  passes  into  the  state  of 
oxide,  and  the  cadmium  sulphide  in  the  ore  oxidises  into  cadmium 
sulphate,  CdS04,  which  resists  tolerably  well  the  action  of  heat ;  there- 
fore if  roasted  zinc  blende  be  washed  with  water,  a  solution  of 
cadmium  sulphate  will  be  obtained,  from  which  it  is  very  easy  to 
prepare  metallic  cadmium.  Hydrogen  sulphide  may  be  used  for 
separating'  cadmium  from  its  solutions  ;  it  gives  a  yellow  precipitate 
of  cadmium  sulphide,  CdS  (according  to  the  equation  CdS04  -|-  H^S 
=H2S04  4-CdS),"  which,  on  account  of  its  characteristic  colour,  is 
used  as  a  pigment.'"''^  Cadmium  sulphide,  when  strongly  heated  in 
air,  leaves  cadmium  oxide,  from  which  the  metal  may  be  obtained  in 
precisely  the  same  way  as  in  the  case  of  zinc. 

'1  It  may  be  here  remarked  that  sulphate  of  zinc  (especially  in  the  presence  of  mineral 
acids)  does  not  give  a  precipitate  of  sulphide  of  zinc,  or  is  only  slightly  precipitated  by 
feulphuretted  hydrogen. 

11  bis  Sulphide  of  cadmium  appears  in  two  varieties  of  a  similar  chemical  but  different 
physical  character :  one  is  of  a  lemon  colour,  and  the  other  bright  red.  KloboukofE 
(1890)  studied  the  physical  properties  of  these  varieties  more  closely.  The  sp.  gr.  of  the 
former  is  3'906,  and  of  the  latter  i'.518.  They  belong  to  different  crystallographio 
systems.  The  first  variety  may  be  converted  into  the  second  by  friction  or  pressure,  but 
the  second  cannot  be  converted  into  the  first  variety  by  these  means. 
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Cadmium  is  a  white  metal,  and  when  freshly  cut  is  almost  as  white 
and  lustrous  as  tin.  It  is  so  soft  that  it  may  be  easily  cut  with  a  knife, 
and  so  malleable  that  it  can  be  easily  drawn  into  wire,  rolled  into 
sheets,  ifec.  Its  specific  gravity  is  8-67,  melting  point  320°,  boiling 
point  770°  ;  its  vapours  burn,  forming  a  brown  powder  of  the  oxide. '^ 
Next  to  mercury  it  is  the  most  volatile  metal  ;  hence  Deville  deter- 
mined the  density  of  its  vapours  compared  with  hydrogen,  and  found 
it  to  be  equal  to  57'1  ;  therefore  the  molecule  contains  one  atom  whose 
weight  =112.  Y.  ^leyer  found  the  like  for  zinc  ;  the  molecule  of 
mercury  also  contains  one  atom. 

IFercury  resembles  zinc  and  cadmium  in  many  respects,  but  preseiits 
that  distinction  from  them  which  is  always  noticed  in  all  the  heaviest 
metals  (with  regard  to  atomic  weight  and  density)  compared  with  the 
lighter  ones — namely,  that  it  oxidises  with  more  difficulty,  and  its 
compounds  are  more  easily  decomposed.'^''"''    Besides  compounds  of  the 

^-  Amongst  tlie  compounds  of  cadmium  very  closely  allied  to  the  compounds  of  zinc, 
we  must  mention  cadmiuni  iodide^  Cdls,  which  is  used  in  medicine  and  photography. 
This  salt  crystallises  very  well :  it  is  prepared  by  the  direct  action  of  iodine,  mixed  with 
water,  on  metallic  cadmium.  One  part  of  cadmium  iodide  at  20°  requires  for  its  solution 
1*08  part  of  water.  It  may  be  remarked  that  cadmium  chloride  at  the  same  temperature 
requires  0*71  part  of  water  to  dissolve  it,  so  that  the  iodine  compound  of  this  metal  is 
less  soluble  than  the  chloride,  whilst  the  reverse  relation  holds  in  the  case  of  the  corre- 
sponding compounds  of  the  alkali  or  alkaline  earthy  metals.  Cadmium  sulphate  crystal- 
lises well,  and  has  the  composition  3CdS04,8H20,  thus  differing  from  zinc  sulphate. 

Cadmium  oxide  is  soluble,  although  sparingly,  in  alkalis,  but  in  the  presence  of 
tartaric  and  certain  other  acids  the  alkaline  solution  of  cadmium  oxide  does  not  change 
when  boiled,  whilst  a  (??/(;^f(?  solution  in  that  case  deposits  cadmium  oxide:  this  may 
also  serve  for  separating  zinc  compounds  from  those  of  cadmium.  Cadmium  is  precipi- 
tated from  its  salts  by  zinc,  which  fact  may  also  be  taken  advantage  of  for  separating 
cadmium ;  for  this  reason,  in  an  alloy  of  zinc  and  cadmium,  acids  first  of  all  extract  the 
zinc.  Cadmium  is  in  all  respects  less  energetic  than  zinc.  Thus,  for  instance,  it  decom- 
poses water  with  difficulty,  and  this  only  when  strongly  heated.  It  even  acts  but  slowly 
on  acids,  but  then  displaces  hydrogen  from  them.  It  is  necessary  here  to  call  attention 
to  the  fact  tliat  for  alkali  and  alkaline  earthy  metals  (of  the  even  series)  the  highest 
atomic  weight  determines  the  greatest  energy  ;  but  cadmium  (of  the  uneven  series), 
whilst  having  a  larger  atomic  weight  than  zinc,  is  less  energetic.  The  salts  of  cadmium 
are  colourless,  like  those  of  zinc.  De  Sehulten  obtained  a  crystalline  oxychloride, 
Cd(OH)Cl  by  heating  marble  with  a  solution  of  cadmium  chloride  in  a  sealed  tube 
at  200°. 

12  bis  According  to  its  atomic  weight,  mercury  follows  gold  in  the  periodic  system, 
just  as  cadmium  follows  silver  and  zinc  follows  copper : — 

Ni=  59  Cu=   63  Zn=   65 

Pd  =  106  Ag  =  108  Cd  =  112 

Pt  =  196  Au  =  19a  Hg  =  200 

Eventually  we  shall  see  the  near  relation  of  platinum,  palladium,  and  nickel,  and  also  of 
gold,  silver,  and  copper,  but  we  will  now  point  out  the  parallelism  between  these  three 
groups.  The  relation  between  the  physical  and  also  chemical  properties  is  here  strikingly 
similar.  Nickel,  palladium,  and  platinum  are  very  difficult  to  fuse  (far  more  so  than  iron, 
ruthenium,  and  osmium,  which  stand  before  them) .    Copper,  silver,  and  gold  melt  far  more 
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usual  type  RXj,  it  also  gives  those  of  the  lower  type,  RX,  which  are 
unknown  for  zinc  and  cadmium. '»  Mercury  therefore  gives  salts  of 
the  composition  HgX  (mercurous  salts)  and  HgXj  (mercuric  salts),  the 
oxides  having  the  formulse  HgjO  and  HgO  respectively. 

Mercury  is  found  in  nature  almost  exclusively  in  combination  with 
sulphur  (like  zinc  and  cadmium,  but  is  still  rarer  than  them)  in  the 
form  known  as  cinnabar,  HgS  (Chapter  XX.,  Note  29).  It  is  far  more 
rarely  met  with  in  the  native  or  metallic  condition,  and  this  in  all 
probability  has  been  derived  from  cinnabar.  Mercury  ore  is  found  only 
in  a  few  places — namely,  in  Spain  (in  Almaden),  in  Tdria,  Japan,  Peru, 
and  California.  About  the  year  1880  Minenkoff  discovered  a  rich  bed 
of  cinnabar  in  the  Bahmout  district  (near  the  station  of  Nikitovka), 
in  the  Government  of  Ekaterinoslav,  so  that  now  Russia  even  ex- 
ports mercury  to  other  countries.  Cinnabar  is  now  being  worked 
in  Daghestan  in  the  Caucasus.  Mercury  ores  are  easily  reduced  to 
metallic  mercury,  because  the  combination  between  the  metal  and  the 
sulphur  is  one  of  but  little  stability.  Oxygen,  iron,  lime,  and  many 
other  substances,  when  heated,  easily  destroy  the  combination.  If  iron 
is  heated  with  cinnabar,  iron  sulphide  is  formed  ;  if  cinnabar  is  heated 
with  lime,  mercury  and  calcium  sulphide  and  sulphate  are  formed, 
4HgS  +  4CaO  =  4Hg  +  3CaS-|-CaSO<.  On  being  heated  in  the  air,  or 
roasted,  the  sulphur  burns,  oxidises,  forming  sulphurous  anhydride, 
and  vapours  of  metallic  mercury  are  formed.  Mercury  is  more  easily 
distilled  than  all  other  metals,  its  boiling  point  being  about  351°,  and 
therefore  its  separation  from  natural  admixtures,  decomposed  by  one  of 
the  above-mentioned  methods,  is  effected  at  the  expense  of  a  com- 
paratively small  amount  of  heat.  The  mixture  of  mercury  vapour, 
air,  and  products  of  combustion  obtained  is  cooled  in  tubes  (by  water 
or  air),  and  the  mercury  condenses  as  liquid  metal.''' 


easily  in  a  strong  heat  than  the  three  preceding  metals,  and  zinc,  cadmium,  and  mercurj' 
melt  still  more  easily.  Nickel,  palladium,  and  platinum  are  very  slightly  volatile ; 
copper,  silver,  and  gold  are  more  volatile ;  and  zinc,  cadmium,  and  mercury  are  among 
the  most  volatile  metals.  Zinc  oxidises  more  easily  than  copper,  and  is  reduced  with 
more  difficulty,  and  the  same  is  true  for  mercury  as  compared  with  gold.  These  pro- 
perties for  cadmium  and  silver  are  intermediate  in  the  respective  groups.  Relations  of 
this  kind  clearly  show  the  nature  of  the  periodic  law. 

^^  Thus  thallium,  lead,  and  bismxith,  following  mercury  according  to  their  atomic 
weights,  form,  besides  compounds  of  the  highest  types,  TIX^,  PhXi,  and  BiXs,  also  the 
lower  ones  TIX,  PbXj,  and  BiX,,. 

^■*  During  the  condensation  of  the  vapours  of  mercury  in  works,  a  part  forms  a  black 
mass  of  finely-divided  particles,  which  gives  metallic  mercury  when  worked  up  in  centri- 
fugal machines,  or  on  pressure,  or  on  re-distillation.  In  mercury  we  observe  a  ten- 
dency to  easily  split  up  into  the  finest  drops,  which  are  difficult  to  unite  into  a  dense 
mass.  It  is  sufficient  to  shake  up  mercury  with  nitric  and  sulj)huric  acids  in  order  to 
VOL.  II.  B 
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Mercury,  as  everybody  knows,  is  a  liquid  metal  at  the  ordinary 
temperature.  In  its  lustre  and  whiteness  it  resembles  silver.''  At 
-  39°  mercury  is  transformed  into  a  malleable  crystalline  metal  ;  at  0° 
its  specific  gravity  is  13-596,  and  in  the  solid  state  at  -  40°  it  is 
14-39.'^  Mercury  does  not  change  in  the  air — that  is  to  say,  it  does 
not  oxidise  at  the  ordinary  temperature — but  at  a  temperature 
approaching  the  boiling-point,  as  was  stated  in  the  Introduction,  it 
oxidises,  forming  mercuric  oxide.  Both  metallic  mercury  and  its 
compounds  in  general  produce  salivation,  trembling  of  the  hands, 
and  other  unhealthy  symptoms  which  are  found  in  the  workmen 
exposed  to  the  influence  of  mercurial  vapours  or  the  dust  of  its  com- 
pounds. 

As  many  of  the  compounds  of  mercury  decompose  on  being  heated 
— for  instance,  the  oxide  or  carbonate  "' — and  as  zinc,  cadmium,  copper, 
iron,  and  other  metals  separate  mercury  from  its  salts,'**  it   is  evident 

produce  such  a  nxevcury  powder.  The  mercury  separated  (for  instance,  reduced  by  sub- 
stances hke  sulphurous  anhydride)  from  solutions,  forms  such  a  powder.  According  to 
the  experiments  of  Nerust,  this  disintegrated  mercury  when  entering  into  reactions 
develops  more  heat  than  the  dense  liquid  metal — that  is  to  say,  the  work  of  disintegi-a- 
tion  reappears  in  the  form  of  heat.  This  example  is  instructi^■e  in  considering  thermo- 
chemical  deductions. 

15  Mercury  may  sometimes  be  obtained  in  a  perfectly  pure  state  from  works  (in  iron 
bottles  holding  about  35  kilos),  but  after  being  used  in  laboratories  (for  baths,  calibration, 
ttc.)  it  contains  impurities.  It  may  be  purified  mechanically  in  the  following  way ;  a 
paper  filter  with  a  fine  hole  (pricked  with  a  needle)  is  placed  in  a  glass  funnel  and  mer- 
cury is  poured  into  it,  which  slowly  trickles  through  the  hole,  leaving  the  impurities  upon 
the  filter.  Sometimes  it  is  squeezed  through  chamois  leather  or  through  a  block  of  wood 
(as  in  the  well-known  experiment  with  the  air-pump).  It  may  be  purified  from  many 
metals  by  contact  with  dilute  nitric  acid,  if  small  drops  of  mercury  are  allowed  to  pass 
through  a  long  column  of  it  (from  the  fine  end  of  a  funnel) ;  or  by  shaking  it  up  with 
sulphuric  acid  in  air.  Mercury  may  be  purified  by  the  action  of  an  electric  current,  if  it 
be  covered  with  a  solution  of  HgNO^.  But  the  complete  purification  of  mercury  for 
barometers  and  thermometers  can  only  be  attained  by  distillation,  best  in  a  vacuum 
(the  vapour-tension  of  mercury  is  given  in  Chapter  II.,  Note  27).  For  this  purpose 
Weinhold's  apparatus  is  most  often  used.  The  principle  of  this  apparatus  is  very 
ingenious,  the  distillation  being  effected  in  a  Torricellian  vacuum  continuously  supplied 
with  fresh  mercury,  whilst  the  condensed  mercury  is  continuously  removed.  This 
process  of  distillation  requires  very  little  attention,  and  gives  about  one  kilo  of  pure 
mercury  per  hour. 

16  If  the  volume  of  liquid  mercury  at  0°  be  taken  as  1000000,  then,  according  to  the 
determinations  of  Eegnault  (re-calculated  by  me  in  1875),  at  t  it  will  be  1000000 -H801< 

-h0-02<=. 

"  All  salts  of  mercury,  when  mixed  with  sodium  carbonate  and  heated,  give  mercurous 
or  mercuric  carbonates ;  these  decompose  on  being  heated,  forming  carbonic  anhydride, 
oxygen,  and  vapours  of  mercury. 

18  Spring  (1888)  showed  that.solid  dry  HgGl  is  gradually  decomposed  in  contact  with 
metallic  copper.  According  to  the  determinations  of  Thomsen,  the  formation  of  a  gram 
of  mercurial  compounds  from  their  elements  develops  the  following  amounts  of  heat  (in 
thousands  of  units):  Hgj-FO,  42;  Hg-fO,  31;  Hg4-S,  17;  Hg-fCl,  41;  Hg4-Br,  34; 
Hg-I-I,  24;  HgH-Clo,  63;  Hg-t-Bi-j,  51;    Hg-i-Ij,  34;    Hg-FCoN„  19.     These  numbers 
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that  mercury  has  less  chemical  energy  than  the  metals  already 
described,  even  than  zinc  and  cadmium.  Nitric  acid,  when  acting  on 
an  excess  of  mercury  at  the  ordinary  temperature,  gives  mercurous 
nitrate,  HgNOj.^^  The  same  acid,  under  the  influence  of  heat  and 
when  in  excess  (nitric  oxide  being  liberated),  forms  mercuric 
nitrate,  Hg(N03)2.  This,-"  both  in  its  composition  and  properties, 
resembles  the  salts  of  zinc  and  cadmium.  Dilute  sulphuric  acid 
does  not  act  on  mercury,  but  strong  sulphuric  acid  dissolves  it,  with 
evolution  of  sulphurous  anhydride  (not  hydrogen),  and  on  being  slightly 
heated  with  an  excess  of  mercury  it  forms  the  sparingly  soluble  mer- 
curous sulphate,  HggSOj  ;  but  if  mercury  be  strongly  heated  with  an 
excess  of  the  acid,  the  mercuric  salt,  HgS04,2'  is  formed.  Alkalis  do 
not  acton  mercury,  but  the  non-metals  chlorine,  bromine,  sulphur,  and 
phosphorus  easily  combine  with  it.  They  form,  like  the  acids,  two  series 
of  compounds,  HgX  and  HgXj.  The  oxygen  compound  of  the  first  series 
is  the  suboxide  of  mercury,  or  mercurous  oxide,  HgjO,  and  of  the 
second  order  the  oxide  HgO,  mercuric  oxide.  The  chlorine  compound 
corresponding  with  the  suboxide  is  HgCl  (calomel),  and  with  the  oxide 
HgClj  (corrosive  sublimate  or  mercuric  chloride).  In  the  compounds 
HgX,  mercury  resembles  the  metals  of  the  first  group,  and  more 
especially  silver.     In  the    mercuric    compounds  there    is    an  evident 

are  less  than  the  corresponding  ones  for  potassium,  sodium,  calcium,  barium,  and  for 
zinc  and  cadmium — for  instance,  Zn  +  O,  85  ;  Zn  +  CU,  97  ;  Zn  ^  Br.i,  76  ;  Zn  +  lo,  49  ; 
Cd  +  CU,  9S;  Cd  +  Br,.,  75;  Cd  +  I.,,  49. 

^9  This  salt  easily  forms  the  crystallo-hydrate  HgNOsiHaO,  con-esponding  with  ortho- 
nitric  acid,  H^NO^  {the  terms  ortho-,  pyro-,  and  meta-acids  are  explained  in  the  chapter 
on  Phosphorus),  with  the  substitution  of  Hg  for  H.  In  an  aqueous  solution  this  salt  can 
only  be  preserved  in  the  presence  of  free  mercury,  otherwise  it  forms  basic  salts,  which 
will  be  mentioned  hereafter  {Chapter  VI.,  Note  59). 

^^  Mercuric  nitrate,  Hg{N03)2,8H20,  crystallises  from  a  concentrated  solution  of  mer- 
cury in  an  excess  of  boiling  nitric  acid.  Water  decomposes  this  salt ;  at  the  ordinary 
temperature  crystals  of  a  basic  salt  of  the  composition  Hg(N05).2,HgO,2H20  are  formed, 
and  with  an  excess  of  water  the  insoluble  yellow  basic  saltHg{N05)2,H.iO,2HgO.  These 
three  salts  correspond  with  the  type  of  ortho-nitric  acid,  {HgN04).i,  in  which  mercury  is 
substituted  for  1,  2  and  3  times  Ho.  As  all  these  salts  still  contain  water,  it  is  possible 
that  they  correspond  with  the  tetraliydrate  =  N205-t-4H.70  =  N20(OH)8  if  ortho-nitric 
acid  =  N2O5  +  3H2O  =  2NO{OH)5. 

^^  To  obtain  the  mercuric  salt  a  large  excess  of  strong  sulphuric  acid  must  be  taken 
and  strongly  heated.  With  a  small  quantity  of  water  colourless  crystals  of  HgS0.i,H20 
may  be  obtained.  An  excess  of  water,  especially  when  heated,  forms  the  basic  salt  (as 
in  Note  20),  HgS04,2HgO,  whichcorrespondswithtrihydrated  sulphuric  acid,  SOj-FSH^O 
=  S{OH)e,  with  the  substitution  of  Hg  by  3Hg,  which  in  mercuric  salts  is  equivalent  to 
Hg.  Le  Chatelier  (1888)  gives  the  following  ratio  between  the  amounts  of  equivalents 
per  litre  ; 

HgSOi  .         .         .     0.318  0-890  1-80  2-02 

SO3         .         .  0-752  1-42  2-10  2-40 

— that  is,  the  relative  amount  of  free  acid  decreases  as  the  strength  of  the  solution 
increases. 

13  2 
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resemblance  to  those  of  magnesium,  cadmium,  (fee.  Here  the  atom 
of  mercury  is  bivalent,  as  in  the  type  RX,^.^'^  Every  soluble  mer- 
curous  compound  (corresponding  with  the  type  of  the  suboxide  of 
mercury),  HgX,  forms  a  white  precipitate  of  calomel,  HgCl,  with 
hydrochloric  acid  or  a  metallic  chloride,  because  HgCl  is  very  slightly 
soluble  in  water,  HgX  +  MCI  =  HgCl  +  MX.  In  soluble  mercuric 
compounds,  HgXj,  hydrochloric  acid  and  metallic  chlorides  do  not 
form  a  precipitate,  because  corrosive  sublimate,  HgCl^,  is  soluble  in 
water.  Alkali  hydroxides  precipitate  the  yellow  mercuric  oxide  from 
a  solution  of  HgXj,  and  the  black  mercurous  oxide  from  HgX. 
Potassium  iodide  forms  a  dirty  greenish  precipitate,  Hgl,  with 
mercurous  salts,  HgX,  and  a  red  precipitate,  Hglj,  with  the  mer- 
curic salts,  HgXj.  These  reactions  distinguish  the  mercuric 
from  the  mercurous  salts,  which  latter  represent  the  transition  from 

^  The  question  of  the  molecular  weight  of  calomel — that  is,  whether  the  mercury  in 
the  salts  of  the  suboxide  is  monatomic  or  diatomic — long  occupied  the  minds  of  chemists, 
although  it  is  not  of  very  great  importance.  It  is  only  recently  (1894)  that  this  question 
can  be  considered  as  answered,  thanks  to  the  researches  of  V.  Meyer  and  Harris,  in 
favour  of  diatomicity — that  is,  that  calomel  is  analogous  to  peroxide  of  hydrogen  and 
contains  Hg^Cls  (like  O2H2)  in  its  molecule  if  corrosive  sublimate  contains  HgClg 
(like  water  OH2).  As  a  matter  of  fact,  direct  experiment  gives  the  vapour  density  of 
calomel  as  about  118 — that  is,  indicates  that  its  molecule  contains  HgCl,  whilst  the 
molecule  of  the  sublimate,  judging  also  by  the  vapour  density  (nearly  136),  contains 
HgCU ;  it  might  therefore  be  concluded  that  the  mercury  in  the  suboxide  is  not  only 
monovalent  (corresponding  to  H)  but  also  monatomic,  whilst  in  the  oxide  it  is  divalent 
and  diatomic.  Instances  of  a  variable  atomicity,  as  shown  by  the  vapour  density,  are 
known  in  NqO,  NO,  and  NH3,  CO  and  CO2,  PCI3  and  PCI5,  and  it  might  therefore  be 
supposed  that  the  present  was  u,  similar  instance.  But  there  are  also  instances  of  a 
variable  equivalency  which  do  not  correspond  to  a  variation  of  atomicity — for  example, 
OH2  (water)  and  OH  (peroxide  of  hydrogen),  CH4  (methane),  CM-  (ethyl),  and 
CH2  (ethylene),  &c.  Here,  according  to  the  law  of  substitution,  the  residues  of  OHj  and 
CH4  combine  together  and  give  molecules ;  OHOH  =  O2H2  (peroxide  of  hydrogen)  and 
CH3CH3  =  C2H8  (ethane),  &c.  The  same  may  be  assumed  also  to  be  the  relation  of 
calomel  to  sublimate;  the  residue  HgCl,  which  is  combined  with  CI  in  sublimate, 
corresponds  to  HgClj,  and  in  calomel  it  may  be  supposed  that  this  residue  is  com- 
bined with  itself,  forming  the  moleciile  Hg2Cl2.  On  this  view  of  the  composition  of  the 
molecule  of  calomel  it  would  follow  that  in  the  state  of  vapour  it  breaks  up  into  two 
molecule,  HgCL  and  Hg,  when  the  vapour  density  would  be  about  118  (because  that  of 
sublimate  is  about  136  and  that  of  mercury  about  100),  and  that  in  cooling  this  mixture 
(Uke  a  mixture  of  HCl  and  NHj)  again  gives  Hg^CLj,  It  was  therefore  necessary  to 
prove  that  calomel  is  decomposed  in  the  state  of  vapour.  This  was  not  effected  for  a 
long  time,  although  Odling,  as  far  back  as  the  thirties,  showed  that  gold  becomes 
amalgamated  (i.e.  absorbs  metallic  mercury)  in  the  vapour  of  calomel,  but  not  in  the 
vapour  of  sublimate.  Recently,  however,  V.  Meyer  and  Harris  (1894)  have  shown  that 
a  greater  amount  of  the  vapour  of  mercury  than  of  calomel  passes  (at  about  40.5') 
through  a  porous  clay  cell,  containing  calomel.  This  proves  that  the  vapour  of  calomel 
contains  a  mixture  of  the  vapours  of  Hg  and  HgCl2,  as  would  follow  from  the  second 
hypothesis.  Moreover,  on  introducing  a  heated  piece  of  KHO  into  the  vapour  of 
calomel,  Meyer  obsei-ved  the  formation,  not  of  suboxide  (blackj,  but  of  oxide  of  mercury 
(veUow).  Therefore  the  molecular  formula  of  calomel  mu^t  be  taken  as  HgoClj  (and  not 
HgCl). 
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the  mercuric  salts  to  mercury  itself,  2HgX  =  Hg  +  HgXj.  The 
salts,  HgX,  as  well  as  HgX2,  are  reduced  by  nascent  hydrogen  [e.g. 
from  Zn  +  H2SO4),  by  such  metals  as  zinc  and  copper,  and  also 
by  many  reducing  agents — for  example,  hypophosphorous  acid,  the 
lowest  grade  of  oxidation  of  phosphorus,  by  sulphurous  anhydride, 
stannous  chloride,  <fec.  Under  the  action  of  these  reagents  the 
mercuric  salts  are  first  transformed  into  the  mercurous  salts,  and 
the  latter  are  then  reduced  to  metallic  mercury.  This  reaction  is  so 
delicate  that  it  serves  to  detect  the  smallest  quantity  of  mercury  ; 
for  instance,  in  cases  of  poisoning,  the  mercury  is  detected  by  im- 
mersing a  copper  plate  in  the  solution  to  be  tested,  the  mercury 
being  then  deposited  upon  it  (more  readily  on  passing  a  gal- 
vanic current).  The  copper  plate,  on  being  rubbed,  shows  a  silvery 
white  colour  ;  on  being  heated,  it  yields  vapours  of  mercury,  and 
then  again  assumes  its  original  red  colour  (if  it  does  not  oxidise). 
The  mercurous  compounds,  HgX,  under  the  action  of  oxidising 
agents,  even  air,  pass  into  mercuric  compounds,  especially  in  the 
presence  of  acids  (otherwise  a  basic  salt  is  produced),  2HgX-f  2HX-)-0 
=  2HgX2-|-H20  ;  but  the  mercuric  compounds,  when  in  contact  with 
mercury,  change  more  or  less  readily,  and  turn  into  mercurous  com- 
pounds, HgX2-|-Hg=2HgX.  For  this  reason,  in  order  to  preserve 
solutions  of  mercurous  salts,  a  little  mercury  is  generally  added  to 
them. 

The  lowest  oxygen  compound  of  mercury — that  is,  inercurous  oxide, 
HgjO — does  not  seem  to  exist,  for  the  substance  precipitated  in  the 
form  of  a  black  mass  by  the  action  of  alkalis  on  a  solution  of  mer- 
curous salts  gradually  separates  on  keeping  into  the  yellow  mercuric 
oxide  and  metallic  mercury,  as  does  also  a  simple  mechanical  mix- 
ture of  oxide,  HgO,  with  mercury  (Guibourt,  Barfoed).  The  other 
compound  of  mercury  with  oxygen  is  already  known  to  us  as  mercuric 
oxide,  HgO,  obtained  in  the  form  of  a  red  crystalline  substance  by  the 
oxidation  of  mercury  in  the  air,  and  precipitated  as  a  yellow  powder 
by  the  action  of  sodium  hydroxide  on  solutions  of  salts  of  the  type 
HgXj.  In  this  case  it  is  amorphous  and  more  amenable  to  the 
action  of  various  reagents  (Chap.  XI.,  Note  32)  than  when  it  is  in  the 
crystalline  state.  Indeed,  on  trituration,  the  red  oxide  is  changed  into 
a  powder  of  a  yellow  colour.  It  is  very  sparingly  soluble  in  water,  and 
forms  an  alkaline  solution  which  precipitates  magnesia  from  the  solu- 
tion of  its  salts. 

Mercury  combines  directly  with  chlorine,  and  the  first  product  of 
combination  is  calomel  or  mercurous  chloride,  Hg2Cl2.  This  is  obtained, 
as  above  stated,  in  the  form  of  a  white  precipitate  by  mixing  solu- 
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tions  of  mercurous  salts  with  hydrochloric  acid  or  with  metallic 
chlorides.  A  precipitate  of  calomel  is  also  obtained  by  reducing  a 
boiling  aqueous  solution  of  corrosive  sublimate,  HgClj,  with  sulphur- 
ous anhydride.  It  is  likewise  produced  by  heating  corrosive  subli- 
mate with  mercury. ^^'"'^  Calomel  may  be  distilled  (although  in  so  doing 
it  decomposes  and  recombines  on  cooling  from  a  state  of  vapour) ;  its 
vapour  density  equals  118  compared  with  hydrogen  (=  1)  (see  Note  23). 
In  the  solid  state  its  specific  gravity  is  7'0  ;  it  crystallises  in  rhombic 
prisms,  is  colourless,  but  has  a  yellowish  tint,  turns  brown  from  the 
action  of  light,  and  when  boiled  with  hydrochloric  acid  decomposes  into 
mercury  and  corrosive  sublimate.  It  is  used  as  a  strong  purgative. 
Corrosive  sublimate  or  mercuric  chloride,  HgCl2,  can  be  obtained  from 
or  converted  into  calomel  by  many  methods. ^^  An  excess  of  chlorine 
(for  instance,  aqua  regia)  converts  calomel  and  also  mercury  into  corro- 
sive sublimate.  It  owes  its  name  corrosive  sublimate  to  its  vola- 
tility, and,  in  medicine  up  to  the  present  day,  it  is  termed  Mercv/rius 
sublimatus  seu  corrosivus.  The  vapour  density,  compared  with  hy- 
drogen (  =  1)  is  135  ;  therefore  its  molecule  contains  HgCl2.  It  forms 
colourless  prismatic  crystals  of  the  rhombic  system,  boils  at  307°, 
and  is  soluble  in  alcohol.  It  is  usually  prepared  by  subliming  a 
mixture  of  mercuric  sulphate  with  common  salt,  HgS04  -f-  2NaCl 
:=Na2S04-|-HgCl2.  Corrosive  sublimate  combines  with  mercuric 
oxide,  forming  an  oxychloride    or  basic  salt,^^'''*    of  the  composition 

22  iiU  Calomel  (in  Japanese  '  Keyfun ')  has  been  prepared  in  Japan  (and  China)  for 
many  centuries,  by  heating  mercury  in  clay  crucibles  with  sea  salt,  which  contains 
MgCla  and  gives  HCl.  The  vapour  of  the  mercury  reacts  with  this  HCl  and  the  oxygen 
of  the  air  and  foi-ms  calomel :  2Hg  +  2HC1  +  O  =  HgaClj  +  H^O.  The  calomel  collects 
on  the  lid  of  the  crucible  in  the  form  of  a  sublimate  (Divers,  1894). 

^  HgClg  is  partially  converted  into  calomel  even  in  the  act  of  dissolving  in  ordinaiy 
water,  especially  under  the  action  of  light. 

25  bu  j^s  feebly  energetic  bases  (for  instance,  the  oxides  MgO,  ZnO,  PbO,  CuO,  Al^Oj, 
BijOj,  &c.),  mercuric  oxide  (see  Notes  20,  21)  and  mercurous  oxide  easily  give  basic  salts, 
which  are  usually  directly  formed  by  the  action  of  water  on  the  normal  salt,  according 
to  the  general  equation  (for  mercuric  compounds,  EXj) : 

«EX,  +  «iH„0  =  2mHX  +  (n-m)BX,jm'RO 
neutral  salt        water  acid  basic  salt 

or  else  are  produced  directly  from  the  normal  salt  and  the  oxide  or  its  hydroxide.  Thus 
mercurous  nitrate,  when  treated  with  water,  forms  basic  salts  of  the  composition 
6(HgN03),Hg.,0,HoO,  2(HgN03),Hg,,0,H20,  and  3(HgN05),Hg20,H20,  the  first  two  of 
which  crystallise  well.  Naturally  it  is  possible  either  to  refer  similar  salts  to  the 
type  of  hydrates — for  instance,  the  second  salt  to  the  hydrate  NjOs.iHjO — or  to  view 
it  as  a  compound,  HgNOj.HgHO,  but  our  present  knowledge  of  basic  salts  is  not 
sufficiently  complete  to  admit  of  generalisations.  However,  it  is  already  possible  to 
view  the  subject  in  the  following  aspects :  (1)  basic  salts  are  principally  formed  from 
feeble  bases :  (2)  certain  metals  (mentioned  above)  form  them  with  particular  ease,  so  that 
one  of  the  causes  of  the  formation  of  many  basic  salts  must  depend  on  the  property  of  the 
metal  itself ;  (3)  those  bases  which  readily  form  basic  salts  as  a  i-ule  also  readily  form 
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HgCl2,2HgO  (magnesium  and  zinc  form  similar  compounds).  This 
compound  is  obtained  by  mixing  a,  solution  of  corrosive  sublimate 
■with  mercuric  oxide  or  with  a  solution  of  sodium  bicarbonate.  In 
general,  wich  both  mercurous  and  mercuric  salts,  there  is  a  marked 
tendency  to  form  basic  salts.^"* 

Mercury  has  a  remarkable  power  of  forming  very  unstable  com- 
pounds with  ammonia,  in  which  the  mercury  replaces  the  hydrogen, 
and,  if  a  mercuric  compound  be  taken,  its  atom  occupies  the  place  of 
two  atoms  of  the  hydrogen  in  the  ammonia.  Thus  Plantamour  and 
Hirtzel  showed  that  precipitated  mercuric  oxide  dried  at  a  gentle 
heat,  when    continuously  heated  (up   to  100*^-150°)  in    a    stream    of 

double  salts;  (4)  in  the  formation  of  basic  salts,  as  also  everywhere  in  chemistry,  where 
sufficient  facts  have  accumulated,  we  clearly  see  the  conditions  of  equally  balanced 
heterogeneous  systems,  such  as  we  saw,  for  instance,  in  the  formation  of  double  salts, 
crystallo-hydrates,  &c. 

The  mercuric  salts  often  form  double  salts  (confirming  the  third  thesis),  and  mercuric 
chloride  easily  combines  with  ammonia,  forming  IIg(NH4)2Cl,i,  or  in  general  HgCl2nMCl. 
If  a  mixture  of  mercurous  and  potassium  sulphates  be  dissolved  in  dilute  sulphuric  acid^ 
the  solution  easily  yields  large  colourless  crystals  of  a  double  salt  of  the  com.position 
K2S04,3HgS04,2H20.  BouUay  obtained  crystalline  compounds  of  mercuric  chloride  with 
hydrochloric  acid,  and  mercuric  iodide  ^v^th  hydriodic  acid  ;  and  Thomsen  describes  the 
compound  IIgBr2,HBr,4H20  as  a  well-crystallised  salt,  melting  at  13°,  and  having,  in 
a  molten  state,  a  specific  gravity  3"17  and  a  high  index  of  refraction.  Moreover,  the 
capacity  of  salts  for  forming  basic  compounds  has  been  considerably  cleared  up  since  the 
investigation  (by  Wiirtz,  Lorenz,  and  others)  of  glycol,  CiK^{0^)2  (and  of  polyatomic 
alcohols  resembling  it),  because  the  ethers  C2H4X2,  corresponding  with  it,  are  capable  of 
forming  compounds  containing  €2114X272031140. 

On  the  other  hand,  there  is  reason  to  think  that  the  property  of  forming  basic  salts  is 
connected  with  the  polymerisation  of  bases,  especially  colloidal  ones  [see  the  chapter 
on  Silica,  Lead  Salts,  and  Tungstic  Acid). 

^*  Mercuric  iodide,  IIgl2,  is  obtained  first  asfa  yellow,  and  then  as  a  red,  precipitate  on 
mixing  solutions  of  mercuric  salts  and  potassium  iodide,  and  is  soluble  in  an  excess  of  the 
latter  (in  consequence  of  the  formation  of  the  double  salt,  HgKIs)  ;  of  ammonium  chloride 
(for  a  similar  reason),  &c.  It  crystallises  at  the  ordinary  temperature  in  square  prisms 
of  a  red  colour.  On  being  heated,  these  change  into  yellow  rhombic  crystals,  isomorphous 
with  mercuric  cliloride.  This  yellow  form  of  mercuric  iodide  is  very  unstable,  and  when 
cooled  and  triturated  easily  again  assumes  the  more  stable  red  form.  When  fused,  a 
yellow  liquid  is  obtained.  Mercuric  cyanide,  Hg(CN)2,  forms  one  of  the  most  stable 
metallic  cyanides.  It  is  obtained  by  dissolving  mercuric  oxide  in  prussic  acid,  and  by 
boiling  Prussian  blue  with  water  and  mercuric  oxide,  ferric  oxide  being  then  obtained  in 
the  precipitate.  Mercuric  cyanide  is  a  colourless  crystalline  substance,  soluble  in  water, 
and  distinguished  by  its  great  stability ;  sulphuric  acid  does  not  liberate  prussic  acid 
from  it,  and  even  caustic  potash  does  not  remove  the  cyanogen  (a  complex  salt  is 
probably  produced),  but  the  halogen  acids  disengage  HON.  Like  the  chloride,  it  com- 
bines with  mercuric  oxide,  forming  the  oxycyanide,  Hg20(CN)2,  and  it  shows  a  very  marked 
tendency  to  form  double  compounds — for  example,  K.2Hg(CN)4.  The  alkali  chlorides  and 
iodides  form  similar  compounds — for  instance,  the  saltHgKI(CN)2  ci-ystallises  very  well,, 
and  is  produced  by  directly  mixing  solutions  of  potassium  iodide  and  mercuric  cyanide. 

"Wells  (1889)  and  Vare  obtained  and  investigated  many  such  double  salts,  and  showed 
the  possibihty  of  the  formation,  not  only  of  HgClaMCl  and  HgCL2MCl  where  M  is  a, 
metal  of  the  alkalis— for  example,  Cs— but  also  of  HgCl23MCl,2(HgCl2)MCl,  and  in 
general  wHgX2??iMX,  where  X  stands  for  various  haloids. 
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dry  ammonia,  leaves  a  brown  powder  of  mercuric  nitride,  NjHgj, 
according  to  the  equation  3Hg0  +  2NH3=N2Hg3  +  3H2O.2'<i"»  This 
substance,  which  is  attacked  by  water,  acids,  and  alkalis  (giving  a 
white  powder),  is  very  explosive  when  struck  or  rubbed,  evolving 
nitrogen,  proving  that  the  bond  between  the  mercury  and  the  nitrogen 
is  very  feeble.-"'     By  the  action  of  liquefied  ammonia  on  yellow  mercuric 

-"'"  See  Chapter  XIX.,  Note  6 bis:  HgsPQ.  In  studying  the  metallic  nitrides  it  is 
necessary  to  keep  the  corresponding  phosphides  in  mind. 

2*  HgjNj  is  similar  in  composition  to  MgsN^,  &c.  (Chapter  XIV.)  The  readiness  with 
which  mercuric  nitride  explodes  shows  that  the  connection  between  the  nitrogen 
and  the  mercury  is  very  unstable,  and  explains  the  circumstance  that  the  so-called 
mercury  fulminate,  or  fulminating  mercury,  is  an  exceedingly  explosive  substance. 
This  substance  is  prepared  in  large  quantities  for  explosive  mixtures ;  it  enters  into  the 
composition  of  percussion  caps,  which  explode  when  struck,  and  ignite  gunpowder. 
Mercury  fulminate  was  discovered  by  Howard,  and  from  that  time  has  been  prepared  in 
the  following  way  :  one  part  of  mercury  is  dissolved  in  twelve  pai-ts  of  nitric  acid,  of 
sp.  gr.  1'36,  and  when  the  whole  of  the  mercury  is  dissolved,  5'5  parts  of  90  p.c.  alcohol 
are  added,  and  the  mass  is  shaken.  A  reaction  then  commences,  accompanied  by  a  rise  in 
temperature  due  to  the  oxidation  of  the  alcohol.  As  a  matter  of  fact,  many  oxidation 
products  are  produced  during  the  action  of  the  nitric  acid  on  the  alcohol  (glycollic  acid, 
ethers,  (fee.)  When  the  reaction  becomes  tolerably  vigorous,  the  same  quantity  of  alcohol 
is  added  as  at  the  commencement,  when  a  grey  precipitate  of  the  fulminate  separates. 
This  salt  has  the  composition  C2Hg{N02)N.  It  explodes  when  struck  or  heated.  The 
mercury  in  it  may  be  replaced  by  other  metals — for  instance,  copper  or  zinc,  and  also 
silver.  The  silver  salt,  C2Ag2(N02)N,  is  obtained  in  a  precisely  analogous  manner,  and  is 
even  more  explosive.  Under  the  action  of  alkali  chlorides,  only  half  the  silver  is  replaced 
by  the  alkali  metal,  but  if  the  whole  of  the  silver  be  replaced  by  an  alkali  metal,  then 
the  salt  decomposes.  This  is  evidently  because  combinations  of  this  kind  proceed  in  virtue 
of  the  formation  of  substances  in  which  mercury,  and  metals  akin  to  it,  are  connected 
in  an  unstable  way  with  nitrogen.  Potassium  and  other  light  metals  are  incapable  of 
entering  into  such  connection  and  therefore,  the  substitution  of  potassium  for  mercury 
entails  the  splitting-up  of  the  combination.  Investigations  of  the  fulminates  were 
carried  on  by  Gay-Lussac  and  Liebig,  but  only  the  investigations  of  L.  N.  ShishkofE 
fully  cleared  up  the  composition  and  relation  of  these  substances  to  the  other  carbon 
compounds.  Shishkoft  showed  that  fulminates  correspond  with  the  nitro-acid, 
C2H2(N02)N.  The  explosiveness  of  the  group  depends  partly  on  its  containing  at  the  same 
time  NOj  and  carbon;  we  already  know  that  aU  such  nitrogen  compounds  are  explosive. 
If  we  imagine  that  the  NO2  is  replaced  by  hydrogen,  we  shall  have  a  substance  of  the 
composition  C2H3N.  This  is  acetonitrile— that  is,  acetic  acid  +NH5~2H20,  or  ethenyl 
nitrile,  as  shown  in  Chapter  VI.  The  formation  of  an  acetic  compound  by  the  action  of 
nitric  acid  on  alcohol  is  easily  nnderstoodi  because  acetic  acid  is  produced  by  the  oxida- 
tion of  alcohol,  and  the  production  of  the  elements  of  ammonia,  indispensable  for  the 
formation  of  a  nitrile,  is  accounted  for  by  the  fact  that  nitric  acid  under  the  action  of 
reducing  substances  in  many  cases  forms  ammonia.  Moreover  a  certain  analogy  has 
been  found  between  fulminating  acid  and  hydroxylamine,  but  details  upon  this  sub- 
ject must  be  looked  for  in  works  on  organic  chemistry.  The  explosiveness  of  fulminating 
mercury,  the  rapidity  of  its  decomposition  (gunpowder,  and  even  guncotton,  bum  more 
slowly  and  explode  less  violently),  and  the  force  of  its  explosion,  are  such  that  a  small 
quantity  (loosely  covered)  will  shatter  massive  objects. 

The  investigations  of  Abel  on  the  communication  of  explosion  from  one  substance  to 
another  ai-e  remarkable.  If  guncotton  be  ignited  in  an  open  space,  it  bums  quietly;  but 
if  fulminating  mercury  be  exploded  by  the  side  of  it,  the  decomposition  of  the  guncotton 
is  effected  instantaneously,  and  it  then  shatters  the  objects  upon  which  it  lies,  so  rapid  is 
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oxide  Weitz  also  obtained  an  explosive  compound,  dimeicurarnmonium 
hydroxide,  N^HgjO,  which  corresponds  with  an  ammonium  oxide, 
{NH4)20,  in  which  the  whole  of  the  hydrogen  is  replaced  by  mercury. 
A  solution  of  ammonia  reacts  with  mercuric  oxide,  forming  the 
hydroxide,  NHgj'OH,  to  which  a  whole  series  of  salts,  NHgjX,  corre- 
spond ;  these  are  generally  insoluble  in  water  and  capable  of  decom- 
posing with  an  explosion.  But  salts  of  the  same  type,  but  with  one  atom 
of  mercury,  NHjHgX,  are  more  frequently  and  more  easily  formed  ; 
they  were  principally  studied  by  Kane,  although  known  much  earlier. 
Thus,  if  ammonia  be  added  to  a  solution  of  corrosive  sublimate 
(or,  still  better,  in  reverse  order),  a  precipitate  is  obtained  known  as 
white  precipitate  (Mercurhis  2)rceci2ntatus  alhiis)  or  merctirainmonium 
chloride,  NHaHgCI,  which  may  also  be  regarded  not  only  as  sal-ammoniac 
with  the  substitution  of  H^  by  mercury,  but  also  as  HgX2,  where 
one  X  represents  01  and  the  other  X  represents  the  ammonia  radicle, 
HgClj  +  2NH3  =  NHj-HgCl  +  NH4CI.  When  heated,  mercur- 
ammonium  chloride  decomposes,  yielding  mercurous  chloride  ;  when 
heated  with  dry  hydrochloric  acid  it  forms  ammonium  chloride  and 
mercuric  chloride.  Other  simple  and  double  salts  of  mercurammonium, 
NHjHgX,  are  also  known.  Pici  (1890)  showed  that  all  the  compounds 
HgHjISTX  may  be  regarded  as  compounds  of  the  above-named  HgjNX 
with  NH4X  because  their  sum  equals  2HgH2X.^''''is 


the  decomposition.  Abel  explains  this  by  supposing  that  the  explosion  of  the  fulminating 
salt  brings  the  molecules  of  guncotton  into  a  uniform  or  as  it  were  harmonious  state  of 
vibration,  which  causes  the  rapid  decomposition  of  the  whole  mass.  This  rapid  decom- 
position of  explosive  substances  defines  the  distinction  between  explosion  and  com- 
bustion. Besides  this,  Berthelot  showed  that  from  that  form  of  powei-ful  molecular 
concussion  which  takes  place  during  the  explosion  of  fulminating  mercury,  the  state 
of  strain  and  stability  of  equilibrium  of  substances  which  are  endothermal,  or  capable 
of  decomposing  with  the  disengagement  of  heat — for  instance,  cyanogen,  nitrocompounds, 
nitrous  oxide,  &:c. — is  generally  destroyed.  Thorpe  showed  that  carbon  bisulphide,  CS.,, 
also  an  endothermal  substance,  decomposes  into  sulpliur  and  charcoal,  when  fulminating 
mercury  is  exploded  in  contact  with  it. 

15  bis  The  capacity  for  replacing  hydrogen  in  chloride  of  ammonium  by  metals  also 
belongs  to  Zn  and  Cd.  Kvasnik  (1892),  by  the  action  of  ammonia  upon  alcoholic  solu- 
tions of  CdCl.2  and  ZnClo,  obtained  substances  of  the  general  formula  M(NH5C1)2,  formed 
as  it  were  from  two  molecules  of  sal-ammoniac  by  the  substitution  of  two  atoms  of 
hydrogen  by  a  diatomic  metal.  These  substances  appear  as  white,  finely  crystalline 
powders.  Under  the  action  of  heat  half  the  ammonia  passes  off,  and  a  compound  of  the 
composition  MCINH5CI  is  formed.  The  compounds  of  cadmium  and  zinc  are  distinguished 
from  each  other  by  the  former  being  more  volatile  than  the  latter. 

"We  may  further  remark  that  in  the  series  Mg,  Zn,  Cd,  and  Hg  the  capacity  to  form 
double  salts  of  diverse  composition  increases  with  the  atomic  weight.  Thus,  according  to 
Wells  and  "Walden's  observations  (:893),  the  ratio  n  :  m  for  the  type  nMChnBCU 
(M  =  K,  Li,  Na  .  .  .  E  =  Mg,  Zn  .  .  .  )  is  for  Mg  1 :  1,  for  Zn  3;  1,  2  ;  1,  and  1 :  1;  for 
Cd,  besides  this,  salts  are  known  with  the  ratio  4 :  1,  and  for  Hg  3 ;  1,  2  :  1,  1 ;  1,  2  :  8,  1; 
2,  and  1 :  5. 
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Mercury  as  a  liquid  metal  is  capable-of  dissolving  other  metals  and 
forming  metallic  solutions.  These  are  generally  called  '  amalgams.'  The 
formation  of  these  solutions  is  often  accompanied  by  the  development 
of  a  large  amount  of  heat — for  instance,  when  potassium  and  sodium 
are  dissolved  (Chapter  XII.,  S^ote  39)  ;  but  sometimes  heat  is  absorbed, 
as,  for  instance,  when  lead  is  dissolved.  It  is  evident  that  phenomena 
of  this  kind  are  exceedingly  similar  to  the  phenomena  accompanying 
the  dissolution  of  salts  and  other  substances  in  water,  but  here  it  is 
easy  to  demonstrate  that  which  is  far  more  difficult  to  observe  in  the 
case  of  salts  :  the  solution  of  metals  in  mercury  is  accompanied  by  the 
formation  of  definite  chemical  compounds  of  the  mercury  with  the 
metals  dissolved.  This  is  shown  by  the  fact  that  when  pressed  (best 
of  all  in  chamois  leather)  such  solutions  leave  solid,  definite  com- 
pounds of  mercury  with  metals.  It  is,  however,  very  difficult  to  obtain 
them  in  a  pure  state,  on  account  of  the  difiiculty  of  separating  the  last 
traces  of  mercury,  which  is  mechanically  distributed  between  the 
crystals  of  the  compounds.  Nevertheless,  in  many  cases  such  com- 
pounds have  undoubtedly  been  obtained,  and  their  existence  is 
clearly  shown  by  the  evident  crystalline  structure  and  characteristic 
appearance  of  many  amalgams  Thus,  for  instance,  if  about  2|  p.c.  of 
sodium  be  dissolved  in  mercury,  a  hard,  crystalline  amalgam  is  obtained, 
very  friable  and  little  changeable  in  air.  It  contains  the  compound 
NaHgs  (Chapter  XII.,  Note  39).  Water  decomposes  it,  witli  the  evolu- 
tion of  hydrogen,  bvit  more  slowly  than  other  sodium  amalgams,  and 
this  action  of  water  only  shows  that  the  bond  between  the  sodium 
and  the  mercury  is  weak,  just  like  the  connection  between  mercury 
and  many  other  elements — for  instance,  nitrogen.  Mercury  directly 
and  easily  dissolves  potassium,  sodium,  zinc,  cadmium,  tin,  gold,  bis- 
muth, lead,  &c.,  and  from  such  solutions  or  alloys  it  is  in  most  cases 
easy  to  extract  definite  compounds— thus,  for  instance,  the  compounds 
of  mercury  and  silver  have  the  compositions  HgAg  and  AgjHgj. 
Objects  made  of  copper  when  rubbed  with  mercury  become  covered 
with  a  white  coating  of  that  metal,  which  slowly  forms  an  amalgam  ; 
silver  acts  in  the  same  way,  but  more  slowly,  and  platinum  combines 
with  mercury  with  still  greater  difficulty.  This  metal  only  readily 
forms  an  amalgam  when  in  the  form  of  a  fine  powder.  If  salts  of 
platinum  in  solution  are  poured  on  to  an  amalgam  of  sodium,  the 
latter  element  reduces  the  platinum,  and  the  platinum  separated  is 
dissolved  by  the  mercury.  Almost  all  metals  readily  form  amalgams 
if  their  solutions  are  decomposed  by  a  galvanic  current,  where  mer- 
cury forms  the  negative  pole.  In  this  way  an  amalgam  may  even 
be   made  with  iron,  although    iron    in  a  mass  does    not    dissolve   in 
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mercury.  Some  amalgams  are  found  in  nature  — for  instance,  silver 
amalgams.  Amalgams  are  used  in  considerable  quantities  in  the  arts. 
Thus  the  solubility  of  silver  in  mercury  is  taken  advantage  of  for 
extracting  that  metal  from  the  ore  by  means  of  amalgamation,  and 
for  silvering  by  fire.  The  same  is  the  case  with  gold.  Tin  amal- 
gam, which  is  incapable  of  crystallising  and  is  obtained  by  dissolv- 
ing tin  in  mercury,  composes  the  brilliant  coating  of  ordinary  look- 
ing-glasses, which  is  made  to  adhere  to  the  surface  of  the  polished 
glass  by  simply  pressing  by  mechanical  means  sheets  of  tin  foil  bathed 
in  mercury  on  to  the  cleansed  surface  of  the  glass. -^  {See  'The 
Nature  of  Amalgams,'  by  ^Y.  L.  Dudley  ;  Toronto,  1889.) 

-'>  I  consider  it  appropriate  here  to  call  attention  to  the  want  of  an  element  (eka- 
cadmium)  between  cadmium  and  mercury  in  the  periodic  system  (Chapter  XV.)  But  as 
iu  the  ninth  series  there  is  not  a  single  known  element,  it  may  be  that  this  series  is  entirely 
composed  of  elements  incapable  of  existing  under  present  conditions.  However,  until  this 
is  proved  in  one  way  or  another,  it  may  be  concluded  that  the  properties  of  ekacadniium 
will  be  between  those  of  cadmium  and  mercury.  It  ought  to  have  an  atomic  weight  of  about 
155,  to  form  an  oxide  EcO,  a  slightly  stable  oxide  EC2O.  Both  ought  to  be  feeble  bases, 
easily  forming  double  and  basic  salts.  The  volume  of  the  oxide  will  be  nearly  17'5,  because 
the  volume  of  cadmium  oxide  is  about  16,  and  that  of  mercuric  oxide  19.  Therefore  the 
density  of  the  oxide  will  approach  171^17'5  =  9'7.  The  metal  ought  to  be  easily  fusible, 
oxidising  when  heated,  of  a  grey  colour,  with  a  specific  volume,  about  14  (cadmium- 13, 
mercui-y  =15),  and,  therefore,  its  specific  gravity  (155-^14)  will  nearly  =11.  Suchametalis 
unknown.  But  in  1879  Dahl,  in  Norway,  discovered  in  the  island  of  Otero,  not  far  from 
Kragerb,  in  a  vein  of  Iceland  spar  in  a  nickel  mine,  traces  of  a  new  metal  which  he  called 
norwegium,  and  which  presented  a  certain  resemblance  to  ekacadmium.  Perfect  purity 
of  the  metal  was  not  attained,  and  therefore  the  properties  ascribed  to  norw^egium  must 
be  regarded  as  approximate,  and  likely  to  undergo  considerable  alteration  on  further 
study.  A  solution  of  the  roasted  mineral  in  acid  was  twice  precipitated  by  sulphuretted 
hydrogen,  and  again  ignited ;  the  oxide  obtained  was  easily  reduced.  "When  the  metal 
was  dissolved  in  hydrocliloric  acid  largely  diluted  with  water,  and  the  solution  boiled,  the 
basic  salt  was  precipitated,  and  thus  freed  from  the  copper  which  remained  in  the  solu- 
tion, The  reduced  metal  had  a  density  9'44,  and  easily  oxidised.  If  the  composition  NgO 
be  assigned  to  the  oxide,  then  Ng  =  145-9.  It  fused  at  254°  ;  the  hydroxide  was  soluble 
in  alkalis  and  potassium  carbonate.  In  any  case,  if  norwegium  is  not  a  mixture  of  other 
metals,  it  belongs  to  the  uneven  series,  because  the  heavy  metals  of  the  even  series  are 
not  easily  reducible.  Brauner  thinks  that  norwegium  oxide  is  Ng205,  the  atom  Ng  =  219, 
and  places  it  in  Group  VI.,  series  11,  but  then  the  feebly  acid  higher  oxide,  NgOs,  ought 
to  be  formed. 

Amongst  the  metals  accompanying  zinc  which  have  been  named,  but  not  authenti- 
cally separated,  must  be  included  the  actinium  of  Phipson  (1881).  He  remarked 
that  certain  sorts  of  zinc  give  a  white  precipitate  of  zinc  sulphide  which  blackens  on 
exposure  to  light  and  then  becomes  white  in  the  dark  again.  Its  oxide,  closely  re- 
sembling in  many  ways  cadmium  oxide,  is  insoluble  in  alkalis,  and  it  forms  a  white 
metallic  sulphide,  blackening  on  exposure  to  light.  As  no  further  mention  has  been 
made  of  it  since  1882,  its  existence  must  be  regarded  as  doubtful. 
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CHAPTER   XVII 

BORON,    ALUMINIUM,    AND   THE   ANALOGOUS    METALS    OP   THE   THIRD 

nROUP 

If  the  elements  of  small  atomic  weight  which  we  have  hitherto 
discussed  be  placed  in  order,  it  will  be  clearly  seen  that,  judging 
by  the  formulae  of  their  higher  compounds,  one  element  is  wanting 
between  beryllium  and  carbon.  For  lithium  gives  LiX,  beryllium 
forms  BeXj,  and  then  comes  carbon  giving  CX4.  Evidently  to 
complete  the  series  we  must  look  for  an  element  forming  RXg,  and 
having  an  atomic  weight  greater  than  9  and  less  than  12.  And  boron 
is  such  a  one  ;  its  atomic  weight  is  11,  and  its  compounds  are  expressed 
by  BX3.  Lithium  and  beryllium  are  metals ;  carbon  has  no  metallic 
properties  ;  boron  appears  in  a  free  state  in  several  forms  which  are 
intermediate  between  the  metals  and  non-metals.  Lithium  gives  an 
energetic  caustic  oxide,  beryllium  forms  a  very  feeble  base  ;  hence  one 
would  expect  to  find  that  the  oxide  of  boron,  B2O3,  has  still  more 
feeble  basic  properties  and  some  acid  properties,  all  the  more  as  CO2 
and  NjOj,  which  follow  after  B2O3  in  their  composition  and  in  the 
periodic  system,  are  acid  oxides.  And,  indeed,  the  only  known  oxide  of 
boron  exhibits  a  feeble  basic  character,  together  with  the  properties  of 
a  feeble  acid  oxide.  This  is  even  seen  from  the  fact  that  a  solution  of 
boron  oxide  reddens  blue  litmus  and  acts  on  turmeric  paper  as  an 
alkali,  and  these  reactions  may  be  used  for  determining  the  presence  of 
B2O3  in  solutions.  By  themselves  the  alkali  borates  have  an  alkaline 
reaction,  which  clearly  indicates  the  feeble  acid  character  of  boric  acid. 
If  they  are  mixed  in  solution  with  hydrochloric  acid,  boric  acid  is 
liberated,  and  if  a  piece  of  turmeric  paper  be  immersed  in  this  solution 
and  then  dried,  the  excess  of  hydrochloric  acid  volatilises,  while  the 
boric  acid  remains  on  the  paper  and  communicates  a  brown  coloration  to 
it,  just  like  alkalis. 

Boron  trioxide  or  boric  anhydride  enters  into  the  composition  of 
many  minerals,  in  the  majority  of  cases  in  small  quantities  as  an 
isomorphous  admixture,  not  replacing  acids  but  bases,  and  most  fre- 
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quently  alumina  (AljOj),  for  as  a  rule  the  amount  of  alumina  de- 
creases as  that  of  the  boric  anhydride  increases  in  them.  This  sub- 
stitution is  explained  by  the  similarity  between  the  atomic  composition 
of  the  oxides  of  aluminium  (alumina)  and  boron.  The  subdivision  of 
oxides  into  basic  and  acid  can  in  no  way  be  sharply  defined,  and  here 
we  meet  with  the  most  conclusive  proof  of  the  fact,  for  the  oxides  of 
boron  and  aluminium  belong  to  the  number  of  intermediate  oxides, 
closely  approaching  the  limit  separating  the  basic  from  the  acid  oxides. 
Their  type  (Chapter  XV.)  IloOj  is  intermediate  between  those  of  the 
basic  oxides  RjO  and  RO  and  those  of  the  acid  oxides  R.2O5  and  E.O3. 
If  we  turn  our  attention  to  the  chlorides,  we  remark  that  lithium 
chloride  is  soluble  in  water,  is  not  volatile,  and  is  not  decomposed  by 
water  ;  the  chlorides  of  beryllium  and  magnesium  are  more  volatile, 
and  although  not  entirely,  still  are  decomposed  by  water  ;  whilst  the 
chlorides  of  boron  and  aluminium  are  still  more  volatile  and  are  decom- 
posed by  water.  Thus  the  position  of  boron  and  aluminium  in  the  series 
of  the  other  elements  is  clearly  defined  by  their  atomic  weights,  and 
shows  us  that  we  must  not  expect  any  new  and  distinct  functions  in 
these  elements. 

Boron  was  originally  known  in  the  form  of  sodium  borate, 
ISra2B4O7,10H2O,  or  borax,  or  tincal,  which  was  exported  from  Asia, 
where  it  is  met  with  in  solution  in  certain  lakes  of  Thibet  ;  it  has  also 
been  discovered  in  California  and  Nevada,  U.S.A.'  Boric  acid  was 
afterwards  found  in  sea-water  and  in  certain  mineral  springs.''      Its 

1  Borax  is  either  directly  obtained  from  lakes  (the  American  lakes  give  about  2,000  tons 
and  the  lakes  of  Thibet  about  1,000  tons  per  annum),  or  by  heatingnative  calcium  borate  {see 
Note  2)  with  sodium  carbonate  (about  4,000  tonsijer  annum),  or  it  is  obtained  (up  to  2,000 
tons)  from  the  Tuscan  impure  boric  acid  and  sodium  carbonate  (carbonic  anhydride  is 
evolved).  Borax  gives  supersaturated  solutions  with  comparative  ease  (Gemez),  from 
which  it  crystaUises,  both  at  the  ordinary  and  higher  temperatures,  in  octahedra,  con- 
taining Na2B407,5H20.  Its  sp.  gr.  is  181.  But  if  the  crystallisation  proceeds  in  open 
vessels,  then  at  temperatures  below  56°,  the  ordinary  prismatic  crystaUo-hydrate 
BjNajO,,  10H.,O  is  obtained.  Its  sp.  gr.  is  I'Tl,  it  effloresces  in  dry  air  at  the  ordinary 
temperature,  and  at  0°  100  parts  of  water  dissolve  about  3  parts  of  this  crystaUo-hydrate, 
at  50°  27  parts,  and  at  100°  201  parts.  Borax  fuses  when  heated,  loses  its  water  and 
gives  an  anhydrous  salt  which  at  a  red  heat  fuses  into  a  mobile  liquid  and  solidifies  into 
a  transparent  amorphous  glass  (sp.  gr.  2-37),  which  before  hardening  acquires  the  pasty 
condition  peculiar  to  common  molten  glass.  Molten  borax  dissolves  many  oxides  and  on 
solidifying  acquires  characteristic  tints  with  the  different  oxides ;  thus  oxide  of  cobalt  gives 
a  dark  blue  glass,  nickel  a  yellow,  chromium  a  green,  manganese  an  amethyst,  ura- 
nium a  bright  yellow,  &c.  Owing  to  its  fusibility  and  property  of  dissolving  oxides, 
borax  is  employed  in  soldering  and  brazing  metals.  Borax  frequently  enters  into  the 
composition  of  strass  and  fusible  glasses. 

^  We  may  mention  the  following  among  the  minerals  which  contain  boron:  cal- 
cium borate,  (CaO)5(Bo05)(H20)6,  found  and  extracted  in  Asia  Minor,  near  Brusa  ; 
boracite  (stassfurtite),  (MgO)6(B203)8,MgCL,  at  Stassfurt,  in  the  regular  system, 
large    crystals    and    amoi-phous   masses    (specific    gi'avity  2-95),   used    in    the    arts  ; 
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presence  may  be  discovered  by  means  of  the  green  coloration  which  it 
communicates  to  the  flame  of  alcohol,  which  is  capable  of  dissolving  free 
boric  acid.-''  ^Nlany  of  the  boron  compounds  employed  in  the  arts  are 
obtained  from  the  impure  boric  acid  which  is  extracted  in  Tuscany  from 
the  so-called  snffioni.  In  these  localities,  which  present  the  remains 
of  volcanic  action,  steam  mixed  with  nitrogen,  hydrogen  sulphide,  small 
quantities  of  boric  acid,  ammonia,  and  other  substances,  issue  from  the 
earth.  ^'''^  The  boric  acid  partially  volatilises  with  the  steam,  for  if  a 
solution  of  boric  acid  be  boiled,  the  distillate  will  always  contain  a  cer- 
tain amount  of  this  substance.'' 

eremeeffiie  (Damour),  AIBO3  or  AloO^B^O-,  found  in  the  Adulchalonsk  mountains  in 
colourless,  transparent  prisms  (specific  gravity  3*28)  resembling  apatite ;  datholite, 
(CaO)2(Si02)2B.203,H20 ;  and  ulksite,  or  the  boron-sodium  carbonate  from  whicli  a 
large  quantity  of  borax  is  now  extracted  in  America  (Note  1).  As  much  as  10  p.c.  of 
boric  anhydride  sometimes  enters  into  the  composition  of  tourmaline  and  axinite. 

^  This  green  coloration  is  best  seen  by  taking  an  alcoholic  solution  of  volatile  ethyl 
borate,  which  is  easily  obtained  by  the  action  of  boron  chloride  on  alcohol. 

3i)ia  p_  Chigeffsky  showed  in  1884  (at  Geneva)  that  in  the  evai^oration  of  saline 
solutions  many  salts  are  carried  off  by  the  vapour — for  instance,  if  a  solution  of  potash 
containing  about  17-20  grams  of  K.jCOj  per  litre  be  boiled,  about  5  milligrams  of  salt  are 
carried  off  for  every  litre  of  water  evaporated.  With  Li2C05  the  amount  of  salt  carried 
over  is  infinitesimal,  and  with  NajCOj  it  is  half  that  given  by  K.-COs-  The  volatilisation 
of  B2O5  under  these  circumstances  is  incomparably  greater — for  instance,  when  a 
solution  containing  14  grams  of  B2O3  per  litre  is  boiled,  every  litre  of  water  evaporated 
carries  over  about  350  milligrams  of  B0O5.  When  Chigefislcy  passed  steam  through  a 
tube  containing  B2O5  at  400°,  it  carried  over  so  much  of  this  substance  that  the  flame 
of  a  Bunsen's  burner  into  which  the  steam  was  led  gave  a  distinct  green  coloration ;  but 
when,  instead  of  steam,  air  was  passed  through  the  tube  there  was  no  coloration  what- 
ever. By  placing  a  tube  with  a  cold  surface  in  steam  containing  B2O5,  ChigefEsky 
obtained  a  crystalline  deposit  of  the  hydrate  B(0H)3  on  the  surface  of  the  tube. 
Besides  this,  he  found  that  the  amount  of  B2O3  carried  over  by  steam  increases  with  the 
temperature,  and  that  crystals  of  B(0H)3  placed  in  an  atmosphere  of  steam  (although 
perfectly  still)  volatilise,  which  shows  that  this  is  not  a  matter  of  mechanical  transfer, 
but  is  based  on  the  capacity  of  B2O5  and  B(0H)5  to  pass  into  a  state  of  vapour  in  an 
atmosphere  of  steam. 

■i  How  it  is  that  these  vapours  containing  boric  acid  are  formed  in  the  interior  of  the 
earth  is  at  present  unknown,  Dumas  supposes  that  it  depends  on  the  presence  of  boron 
sulphide,  B2S3  (others  think  boron  nitride),  at  a  certain  depth  in  the  earth.  This  sub- 
stance may  be  artificially  prepared  by  heating  a  mixture  of  boric  acid  and  charcoal  in  a 
stream  of  carbon  bisulphide  vapour,"and  by  the  direct  combination  of  boron  and  the 
vapour  of  sulphur  at  a  white  heat.  The  almost  non-crystalline  compound  B0S3,  sp.  gr. 
155,  thus  obtained  is  somewhat  volatile,  has  an  unpleasant  smell,  and  is  very  easily  de- 
composed by  water,  forming  boric  acid  and  hydrogen  sulphide,  B283  +  SH^O  =  B2O5  -I-  SHoS. 
It  is  supposed  that  a  bed  of  boron  sulphide  lying  at  a  certain  depth  below  the  surface  of 
the  earth  comes  into  contact  with  sea  water  which  has  percolated  through  the  upper 
strata,  becomes  very  hot,  and  gives  steam,  hydrogen  sulphide,  and  boric  acid.  This  also 
explains  the  presence  of  ammonia  in  the  vapours,  because  the  sea  water  certainly  passes 
through  crevices  containing  a  certain  amount  of  animal  matter,  which  is  decomposed 
by  the  action  of  heat  and  evolves  ammonia.  There  are  several  other  hypotheses  for  ex- 
plaining the  presence  of  the  vapours  of  boric  acid,  but  owing  to  the  want  of  other  known 
localities  the  comparison  of  these  hypotheses  is  at  present  hardly  possible.  The 
amount  of  boric  anhydride  in  the  vapours  which  escape  from  the  Tuscan  fumeroUes  and 
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If  boric  acid  be  introduced  into  an  excess  of  a  strong  hot  solution 
of  sodium  hydroxide,  then,  on  slowly  cooling,  the  salt  !N"aB02j4H20 
crystallises  out.  This  salt  contains  an  equivalent  of  !N"a.20  to  one  equi- 
valent B2O3.  It  might  be  termed  a  neutral  salt  did  it  not  possess 
strongly  alkaline  reactions  and  easily  split  up  into  the  alkali  and  the 
more  stable  borax  or  biborate  of  sodium  mentioned  above,  which  con- 
tains 2B2O3  to  Na20.'''     This  salt  is  prepared  by  the  action  of  boric 

suffioni  is  very  inconsiderable,  less  than  one-tenth  per  cent.,  and  therefore  the  direct  ex- 
traction of  the  acid  would  be  very  uneconomical,  hence  the  heat  contained  in  the  discharged 
vapours  is  made  use  of  for  evaporating  the  water.  This  is  done  in  the  following  manner. 
Reservoirs  are  constructed  over  the  crevices  evolving  the  vapours,  and  the  water  of 
some  neighbouring  spring  is  passed  into  them.  The  vapours  are  caused  to  pass  through 
these  reservoirs,  and  in  so  doing  they  give  up  all  their  boric  acid  to  the  water  and  heat 
it,  so  that  after  about  twenty-four  hours  it  even  boils  ;  still  this  water  only  forms  a  very 
weak  solution  of  boric  acid.  This  solution  is  then  passed  into  lower  basins  and  again 
saturated  by  the  vapours  discharged  from  the  earth,  by  which  means  a  certain  amount 


Fig.  81.— Extraction  of  boric  acid  in  Tuscany. 

of  the  water  is  evaporated  and  a  fresh  quantity  of  boric  acid  absorbed ;  the  same  process 
is  repeated  in  another  reservoir,  and  so  on  until  the  water  has  collected  a  somewhat 
considerable  amount  of  boric  acid.  The'  solution  is  drawn  from  the  last  reservoir  a  into 
settling  vessels  e  d,  and  then  into  a  series  of  vessels  a,  h,  c.  In  these  vessels,  which  are 
made  of  lead,  the  solution  is  also  evaporated  by  the  vapours  escaping  from  the  earth, 
and  attains  a  density  of  10°  to  11°  Baumd.  It  is  allowed  to  settle  in  the  vessel  c,  in  which 
it  cools  and  crystallises,  yielding  (not  quite  pure)  crystalline  boric  acid.  At  temperatures 
above  100°,  for  instance,  with  superheated  steam,  boric  acid  volatilises  with  steam  very 
easily. 

^  Metals,  like  Na,  K,  Li,  give  salts  of  the  type  of  borax,  MBO2   or   MH2BO3.     A 
solution  of  borax,  NaaB^Oy,  has  an  alkaline  reaction,  decomposes  ammonia  salts  with  the 
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acid  on  a  solubioa  of  sodium  carbonate.  Borax  may  be  perfectly  purified 
by  crystallisation.  If  a  saturated  and  hot  solution  of  borax  be  mixed 
with  strong  hydrochloric  acid,  common  salt  and  a  normal  crystalline 
hydrate  of  boric  acid  are  formed.  The  composition  of  this  hydrate 
is  B(H0)3,  according  to  the  form  BX3 — that  is,  of  the  composition 
BjOgj.SH^.O.  This  is  the  easiest  method  of  obtaining  pure  boric  acid. 
The  water  is  easily  expelled  from  this  hydrate  ;  it  loses  half  at  100°  and 
the  remainder  on  further  heating,  and  the  remaining  BgOg  or  bone 
anhydride  fuses  at  oSO'  (according  to  Carnelley),  forming  at  first  a 
ductile  (easily  drawn  out  into  threads),  tenacious  mass  and  then  a 
colourless  liquid  solidifying  to  a  transparent  glass,  which  absorbs 
moisture  from  the  atmosphere  and  then  becomes  cloudy.*^      Only  the 

liberation  of  ammonia  (Bolley),  absorbs  carbonic  anhydride  like  an  alkali,  dissolves 
iodine  like  an  alkali  (Georgiewics),  and  seems  to  be  decomposed  by  water.  Thus  Rose 
showed  that  strong  solutions  of  borax  give  a  precipitate  of  silver  borate  with  silver 
nitrate,  whilst  dilute  solutions  precipitate  silver  oxide,  like  an  alkali.  Georgiewics 
even  supposes  (1888)  boric  anhydride  to  be  entirely  void  of  acid  properties  ;  for  all  acids, 
on  acting  on  a  mixture  of  solutions  of  potassium  iodide  and  iodate,  evolve  iodine,  but 
boric  acid  does  not  do  this.  With  dilute  solutions  of  sodium  hydroxide  Berthelot  ob- 
tained a  development  of  heat  equal  to  11^  thousand  calories  per  equivalent  of  alkali  (40 
grams  sodium  hydroxide)  when  the  ratio  NagO  :  2B2O3  (as  in  borax)  was  taken,  and  only 
4  thousand  calories  when  the  ratio  was  NaaO  :  B2O3,  whence  he  concludes  that  water 
powerfully  decomposes  those  sodium  borates  in  which  there  is  more  alkali  than  in  borax, 
Laurent  (1849J  obtained  a  sodium  compound,  NagO,  4B2O3,10H2Oj  containing  twice  as 
much  boric  anhydride  as  borax,  by  boiling  a  mixture  of  borax  with  an  equivalent 
quantity  of  sal-ammoniac  until  the  evolution  of  ammonia  entirely  ceased. 

Hence  it  is  evident  that  feeble  acids  are  as  prone  to,  and  as  easily,  form  acid  salts 
(that  is,  salts  containing  much  acid  oxide)  as  feeble  bases  are  to  give  basic  salts.  These 
relations  become  still  clearer  on  an  acquaintance  with  such  feeble  acids  as  silicic, 
molybdic,  &c.  This  variety  of  the  proportions  in  which  bases  are  able  to  form,  salts  recalls 
exactly  the  variety  of  the  proportions  in  which  water  combines  with  crystallo-hydrates. 
But  the  want  of  sufficient  data  in  the  study  of  these  relations  does  not  yet  permit  of 
their  being  generalised  under  any  common  laws. 

With  respect  to  the  feeble  acid  energy  of  boric  anhydride  I  think  it  useful  to  add  the 
following  remarks.  Carbonic  anhydride  is  absorbed  by  a  solution  of  borax,  and  dis- 
places boric  anhydride ;  but  it  is  also  displaced  by  it,  not  only  on  fusion,  but  also  on 
solution,  as  the  preparation  of  borax  itself  shows.  Sulphuric  anhydride  is  absorbed  by 
boric  acid,  forming  a  compound  B(HS04)5,  where  HSO4  is  the  radicle  of  sulphuric  acid 
(D'Ally).  With  phosphoric  acid,  boric  acid  forms  a  stable  compound,  BPO4,  or 
Bo03P:>05,  undecomposable  by  water,  as  Gustavson  and  others  have  shown.  With 
respect  to  tartaric  acid,  boric  anhydride  is  able  to  play  the  same  part  as  antimonious 
oxide.  Mannitol,  glycerol,  and  similar  polyhydric  alcohols  also  seem  able  to  form  parti- 
cularly characteristic  compounds  with  boric  anhydride.  All  these  aspects  of  the  subject 
require  still  further  explanation  by  a  method  of  fresh  and  detailed  research. 

'^  Ditte  determined  the  sp,  gr. : — 

0°  12°  80'"-' 

B2O5  1-8766  1-8470  1-6988 

B(OH)-  VTAm  1-5172  1-3828 

Solubility        I'Or*  2-^2  16-82  . 

The  last  line  gives  the  solubility,  in  grams,  of  boric  acid,  B(OHj-,  per  100  c.c.  of  water, 
aldo  according  to  the  determinations  of  Ditte. 
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alkaline  salts  of  boric  acid  are  soluble  in  water,  but  all  borates  are 
soluble  in  acids,  owing  to  their  easy  decomposability  and  the  solubility 
of  boric  acid  itself.  Although  boric  anhydride,  BjOg,  absorbs  SHjO 
from  damp  air,  still  in  the  presence  of  water  it  always  ^  combines  with 
a  less  quantity  of  bases  (borax  only  contains  ^).  However,  fused  boric 
anhydride  forms  a  crystalline  compound  with  magnesium  of  the  same 
type  as  the  hydrate  (MgO)3B203  (Ebelmann),  and  even  with  sodium  it 
forms  (Na20)3B203  or  ]Sra3B0g  (Benedict).  As  a  rule,  the  salts  of 
boric  acid  contain  less  base,  although  they  are  all  able  to  form  saline 
compounds  with  bases  when  fused.  Generally,  vitreous  fluxes  are 
formed  by  this  means,'  which  when  fused  recall  ordinary  aqueous  solu- 
tions in  many  respects.  Some  of  them  crystallise  on  solidifying,  and 
then  they  have,  like  salts,  a  definite  composition.  The  property  of 
boric  anhydride  of  forming  higher  grades  of  combination  with  basic 
oxides  when  fused  explains  the  power  of  fused  borax  to  dissolve  metallic 
oxides,  and  the  experiments  of  Ebelmann  on  the  preparation  of  artificial 
crystals  of  the  precious  stones  by  means  of  boric  anhydride.  Boric 
anhydride  is,  although  with  difficulty,  volatile  at  a  high  temperature, 
and  therefore  if  it  dissolves  an  oxide,  it  may  be  partially  driven  off  from 
such  a  solution  by  prolonged  and  powerful  ignition  ;  in  which  case 
the  oxides  previously  in  solution  separate  out  in  a  crystalline  form, 
and  frequently  in  the  same  forms  as  those  in  which  they  occur  in 
nature— for  example,  crystals  of  alumina,  which  by  itself  fuses  with 
difficulty,  have  been  obtained  in  this  manner.  It  dissolves  in 
molten  boric  anhydride,  and  separates  out  in  natural  rhombohedric 
crystals.      In   this   way  Ebelmann    also    obtained    spinel — that    is,  a 

^  It  is  evident  that,  in  the  presence  of  basic  oxides,  water  competes  with  them,  which 
fact  in  all  probability  determines  both  the  amount  of  water  in  the  salts  of  boric  acid  as 
well  as  their  decomposition  by  an  excess  of  water.  In  confirmation  of  the  above- 
mentioned  competing  action  between  water  and  bases,  I  think  it  useful  to  point  out 
that  the  ci^stallo-hydrate  of  borax  containing  SH^O  may  be  represented  as  B(H0)5,  or 
rather  as  Bo(OH)s,  with  the  substitution  of  one  atom  of  liydrogen  by  sodium,  since 
Na2B407,5H20  =  2B2(OH)5(ONa).  The  composition  of  the  acid  boric  salts  is  very  varied, 
as  is  seen  from  the  fact  that  Eeycliler  (1898)  obtained  (CsjOjaBoOj,  (BbjOjSBjO., 
(corresponding  to  borax)  and  (LijOjBjOs,  and  that  Le  Chatelier  and  Ditte  obtained,  for 
CaO,  MgO,  &c.,  (E0)B.i05,  (BOj^SBjOs,  (E0)2B.,0a,  (EOjjBsOs,  and  even  (EOnBoOj. 

*  A  glass  can  only  be  formed  by  those  slightly  volatile  oxides  which  correspond  with 
feeble  acids,  like  silica,  phosphoric  and  boric  anhydrides,  &c.,  which  themselves  give 
glassy  masses,  hke  quartz,  glacial  phosphoric  acid,  and  boric  anhydride.  They  are  able, 
like  aqueous  solutions  and  like  metallic  alloys,  to  solidify  either  in  an  amorphous  form 
or  to  yield  (or  even  be  wholly  converted  into)  definite  crystalline  compounds.  This  view 
illustrates  the  position  of  solutions  amongst  the  other  chemical  eompovtnds,  and  allows 
all  alloys  to  be  regarded  from  the  aspect  of  the  common  laws  of  chemical  reactions.  I 
have  therefore  frequently  recurred  to  it  in  this  work,  and  have  since  the  year  1860 
introduced  it  into  various  provinces  of  chemistry. 
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compound    of    magnesium  and    aluminium    oxides  which    occurs   m 
nature.^ 

Free  horon  was  obtained  (1809)  by  Davy,  Gay-Lussac,  and  Th^nard 
when  they  obtained  the  metals  of  the  alkalis,  for  boric  anhydride 
when  fused  with  sodium  gives  up  its  oxygen  to  the  sodium,  and  free 
boron  is  liberated  as  an  amorplwus  powder  like  charcoal."*  It  is  of  a 
brown  colour,  specific  gravity  2'45  (Moissan),  and  when  dry  does  not 
alter  in  the  air  at  the  ordinary  temperature  ;  but  it  burns  when  ignited 
to  700°,  and  in  so  doing  combines  not  only  with  the  oxygen  of  the  air,  but 
also  with  the  nitrogen.  However,  the  combustion  is  never  complete, 
because  the  boric  anhydride  formed  on  the  surface  covers  the  remain- 
ing mass  of  the  boron,  and  so  preserves  it  from  the  action  of  the 
oxygen.  Acids,  even  sulphuric  (forming  SO^)  and  phosphoric  (form- 
ing  phosphorus),    easily   oxidise   amorphous    boron,    especially   when 

^  If  boric  acid  in  its  aqueous  solutious  proves  to  be  exceedingly  feeble,  unenergetic, 
and  easily  displaced  from  its  salts  by  other  acids,  yet  in  an  anhydrous  state,  as  anhydride, 
it  exhibits  the  properties  of  an  energetic  acid  oxide,  and  it  displaces  the  anhydrides  of 
other  acids.  This  of  course  does  not  mean  that  the  acid  then  acquires  new  chemical 
properties,  but  only  depends  on  the  fact  that  the  anhydrides  of  the  majority  of  acids  are 
much  more  volatile  than  boric  anhydride,  and  therefore  the  salts  of  many  acids — even  of 
sulphuric  acid — are  decomposed  when  fused  with  boric  anhydride. 

By  itself  boric  acid  is  used  in  the  ai"ts  in  small  quantity,  chiefly  for  the  preservation 
of  meat  and  fish  {which  must  be  afterwards  well  washed  in  water)  and  of  milk,  and  for 
soaking  the  wicks  of  stearin  candles ;  the  latter  application  is  based  on  the  fact  that 
the  wicks,  which  are  made  of  cotton  twist,  contain  an  ash  which  is  infusible  by  itself  but 
which  fuses  when  mixed  with  boric  acid. 

^^  Amorphous  boron  is  prepared  by  mixing  100  parts  of  powdered  boric  anhydride 
with  50  parts  of  sodium  in  small  lumps ;  tliis  mixture  is  thrown  into  a  powerfully  heated 
cast-iron  crucible,  covered  with  a  layer  of  ignited  salt,  and  the  crucible  covered. 
^Reaction  proceeds  rapidly ;  the  mass  is  stirred  with  an  iron  rod,  and  poured  directly  into 
water  containing  hydrochloric  acid.  The  action  is  naturally  accompanied  by  the  forma- 
tion of  sodium  borate,  which  is  dissolved,  together  with  the  salt,  by  the  water,  whilst  the 
boron  settles  at  the  bottom  of  the  vessel  as  an  insoluble  powder.  It  is  washed  in  water, 
and  dried  at  the  ordinary  temperature.  Magnesium,  and  even  charcoal  and  phosphorus, 
are  also  able  to  reduce  boron  from  its  oxide.  Boron,  in  the  form  of  an  amorphous  powder, 
very  easily  passes  through  filter-paper,  remains  suspended  in  water,  and  colours  it  brown, 
so  that  it  appears  to  be  soluble  in  water.  Sulphur  precipitated  from  solutions  shows  the 
same  (colloidal)  property.  When  borax  is  fused  with  magnesium  powder,  it  gives  a  brown 
powder  of  a  compound  of  boron  and  magnesium,  MgjB  (Winkler,  1890),  but  when  a 
mixture  of  1  part  of  magnesium  and  3  parts  of  B.^O.^  is  heated  to  redness  (Moissan,  1892), 
it  forms  amorphous  boron  in  the  form  of  a  chestnut-coloured  powder,  which,  after  being 
washed  with  water,  hydrochloric  and  hydrofluoric  acids,  is  fused  again  with  BgOg  in  an 
atmosphere  of  hydrogen  in  order  to  prevent  the  access  of  the  nitrogen  of  the  air,  which 
is  easily  absorbed  by  incandescent  amorphous  boron. 

Sabatier  (1891)  considers  that  a  certain  amount  of  gaseous  hydride  of  boron  is  evolved 
in  the  action  of  hydrochloric  acid  upon  the  alloys  of  magnesium  and  boron,  because  the 
t;as  disengaged  bums  with  a  green  flame.  Still,  the  existence  of  hydride  of  boron  cannot 
be  regarded  as  certain. 

Under  the  action  of  the  heat  of  the  electric  furnace  boron  forms  with  carbon  a 
carbide,  BC,  as  Miihlhiiuaer  and  Moissan  showed  in  1893. 


BOROX,   ALUMINIUM,   AND  THE   ANALOSOUS   METiLS  67 

heated,  converting  it  into  boric  acid.  Alkalis  have  the  same  action 
on  it,  only  in  this  case  hydrogen  is  evolved.  Boron  decomposes 
steam  at  a  red  heat,  also  with  evolution  of  hydrogen. 

Amorphous  boron,  like  charcoal,  dissolves  in  certain  molten  metals. 
The  property  of  fused  aluminium  of  dissolving  boron  in  considerable 
quantity  is  very  striking  ;  on  cooling  such  a  solution,  the  boron  par- 
tially combined  with  the  aluminium  separates  out  in  a  crystalline 
form,  and  its  properties  are  then  exceedingly  remarkable.  The 
orystalhne  boron  may  be  obtained  by  heating  (to  1,.300°)  the  pulverulent 
boron  with  aluminium  in  a  well-closed  crucible,  the  access  of  air 
being  prevented  as  far  as  possible.  After  cooling,  crystals  are  observed 
on  the  surface  of  the  aluminium,  and  may  easily  be  separated  by  dissolving 
the  latter  in  hydrochloric  acid,  which  does  not  act  on  the  crystals.  The 
speoitic  gravity  of  the  crystals  is  2-68  ;  they  are  partially  transparent, 
but  are  for  the  most  part  coloured  dark  brown  ;  they  contain  about 
4  p.c.  of  carbon  and  up  to  7  p.c.  of  aluminium,  so  that  they  cannot 
be  considered  as  pure  boron.  Nevertheless,  the  properties  of  this 
crystalline  substance,  which  was  obtained  by  Wohler  and  Deville, 
are  very  remarkable.  It  most  closely  resembles  the  diamond  in  its 
properties — in  fact,  these  crystals  have  the  lustre  and  high  refracting 
power  proper  to  the  diamond  only,  whilst  their  hardness  competes  with 
that  of  the  diamond.  Their  powder  polishes  even  the  diamond,  and  like 
the  diamond  scratches  the  sapphire  and  corundum.  Crystalline  boron  is 
much  more  stable  with  respect  to  chemical  reagents  than  the  amorphous 
variety,  and  as  it  resembles  the  diamond,  so  amorphous  boron,  on  the 
other  hand,  distinctly  recalls  certain  of  the  properties  of  charcoal  ;  thus 
a  certain  resemblance  exists  between  boron  and  carbon  in  a  free  state, 
which  is  further  justified  by  the  proximity  of  their  positions  in  the 
periodic  system. 

Among  the  other  compounds  of  boron,  those  with  nitrogen  and 
the  halogens  are  the  most  remarkable.  As  already  mentioned  above, 
amorphous  boron  combines  directly  with  nitrogen  at  a  red  heat.  If 
it  be  heated  in  a  glass  tube  in  a  stream  of  nitric  oxide,  per- 
fect combustion  takes  place,  5B-|- 31^0=6203-1-33]!^.  If  the  residue 
be  treated  with  nitric  acid,  the  boric  anhydride  dissolves,  whilst  the 
boron  nitride  remains"  as  an  extremely  light  white   powder,  which 

n  At  first  boron  nitride  was  obtained  by  heating  boric  acid  with  potassium  cyanide 
or  other  cyanogen  compounds.  It  may  be  more  simply  prepared  by  heating  anhydrous 
borax  with  potassium  ferrocyanide,  or  by  heating  borax  with  ammonium  chloride.  For 
this  purpose  pne  part  of  borax  is  intimately  mixed  with  two  parts  of  dry  ammonium 
chloride,  and  the  mixture  heated  in  a  platinum  crucible.  A  porous  mass  is  formed,  which 
after  crushing  and  treating  with  water  and  hydrochloric  acid,  leaves  boron  nitride.  Boron 
fluoride,  BF,  is  known,  corresponding  to  BN ;  this  body  was  obtained  by  Besson  and 

F  2 
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is  sometimes  partially  crystalline  and  greasy  to  the  touch,  like  talc.  It 
is  infusible  and  unchanged,  even  at  the  melting-point  of  nickel.  In 
general,  it  is  remarkable  for  its  great  stability  with  respect  to  chemical 
reagents.  Nitric  and  hydrochloric  acids,  as  well  as  alkaline  solutions, 
and  hydrogen  and  chlorine  at  a  red  heat,  have  no  action  on  it. 
When  fused  with  potash,  it  evolves  ammonia,  and  when  ignited  in 
steam  it  also  yields  ammonia  :  2BN-|-3H20=B203  +  2]SrH3.i2 

No  less  remarkable  is  the  compound  of  boron  with  fluorine — boron 
jlihoride,  BF,.  It  is  produced  in  many  instances  when  compounds  of 
boron  and  of  fluorine  are  brought  together. '^  The  most  convenient 
method  of  preparing  it  is  by  heating  a  mixture  of  calcium  fluoride 
with  boric  anhydride  and  sulphuric  acid,  3CaP2  +  B203  +  3H2S04 
=  3CaS04  +  3H20-l-2BF3.'''  It  is  a  colourless  liquefiable  gas  (the 
liquid  boils  at  —  100°),  which  on  coming  into  contact  with  damp  air 
forms  white  fumes,  owing  to  its  combining  with  water.  One  volume 
of  water  dissolves  as  much  as  1,050  volumes  of  this  gas  (Bazaroff), 
forming  a  liquid  which  disengages  boron  fluoride  when  heated,  and 
distils  over  unaltered.  Boron  fluoride  chars  organic  matter,  owing  to  its 
taking  up  the  water  from  it,  and  in  this  respect  it  acts  like  sulphuric 
acid.  The  behaviour  of  boron  fluoride  with  water  must  be  understood  as 
a  reversible  reaction,  since  with  water  it  yields  hydrofluoric  and  boric 
acids,  whilst  they,  acting  on  one  another,  re-form  boron  fluoride  and 
water.  A  state  of  equilibrium  is  set  up  between  these  four  substances 
(and  between  two  reversible  reactions)  which  is  distinctly  dependent 
on  the  mass  of  the  water. '^'''''  When  boron  fluoride  is  in  great  excess, 
the  equilibrated    system,  which  is    capable  of  distilling  over  (sp.  gr. 

MoiBsan  (1891).  The  aotion  of  phosphorus  upon  iodide  of  boron,  BI5,  forms  PBI.^,  and 
when  heated  to  500°  in  hydrogen  it  forms  BP,  which  gives  PH3  with  fused  KHO. 

12  When  fused  with  potassium  carbonate  it  forms  potassium  cyanate,  BN  -{-  K2CO5 
a=KB02-t-KCN0.  All  this  shows  that  boron  nitride  is  a  nitrile  of  boric  acid,  BO(OH) 
-I-NH5  — 2H20  =  BN.  The  same  is  expressed  by  saying  that  boron  nitride  is  a  compound 
of  the  type  of  the  boron  compounds  BX3,  with  the  substitution  of  X3  by  nitrogen,  as  the 
trivalent  radicle  of  ammonia,  NH5. 

'^  Boron  fluoride  is  frequently  evolved  on  heating  certain  compounds  occurring  in 
nature  containing  both  boron  and  fluorine.  If  calcium  fluoride  is  heated  with  boric 
anhydride,  calcium  borate  and  boron  fluoride  are  formed,  and  the  latter,  as  a  gas,  is 
volatilised:  2B203  4-3CaF2  =  2BFg-f  CasB^Oe-  The  calcium  borate,  however,  retains  a 
certain  amount  of  calcium  fluoride. 

^^  In  order  to  avoid  the  formation  of  silicon  fluoride  the  decomposition  should  not 
be  carried  on  in  glass  vessels,  which  contain  silica,  but  in  lead  or  platinum  vessels. 
Boron  fluoride  by  itself  does  not  corrode  glass,  but  the  hydrofluoric  acid  liberated  in  the 
reaction  may  bring  a  part  of  the  silica  into  reaction.  Boron  fluoride  should  be  collected 
over  mercury,  as  water  acts  on  it,  as  we  shall  see  afterwards. 

1*  '>'»  It  appears  to  me  that  from  this  point  of  view  it  is  possible  to  understand  the 
apparently  contradictory  results  of  different  investigators,  especially  those  of  Gay-Lussa* 
(and  Thenard),  Davy,  Berzelius,  and  Bazaroff.  In  the  form  in  which  the  reaction  of  BFj 
on  water  is  given  here,  it  is  evident  that  the  act  of  solution  in  water  is  accompanied  by 
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of  the  liquid  1'77),  has  a  composition  BFgjaHgO  (or  B203,H20,6HP). 
It  has  also  its  corresponding  salts. '^  It  is  a  caustic  liquid,  having  the 
properties  of  a  powerful  acid  ;  but  it  does  not  act  on  glass,  which  shows 
that  there  is  no  free  hydrofluoric  acid  present.  Under  the  action  of 
water  this  system  changes,  with  the  formation  of  boric  acid  and 
hydro-borofiuoric  acid  (HBF4)  according  to  the  equation  ABVgRfi^ 
=  3HBF4  +  BH303  +  5H20.i«  This  hydroborofluoric  acid  has  its 
corresponding  salts — for  instance,  KBF4.  On  evaporating  the  aqueous 
solution  this  free  acid  decomposes,  with  the  evolution  of  hydro- 
fluoric acid,  and  a  stable  system  is  again  obtained  :  2HBF4 -1-^1120 
=  B2F5H10O5  +  2HF .  The  resultant  solution  (containing  2BF3,5H20, 
sp.  gr.  1'58),  which  is  identical  with  that  formed  by  the  evaporation  of 
a  solution  of  boric  acid  with  hydrofluoric  acid,  again  only  contains 
a  compound  of  boron  fluoride  with  water.  Probably  there  are 
various  other  possible  and  more  or  less  stable  states  of  equilibrium 
and  definite  compounds  of  boron  fluoride,  hydrofluoric  acid,  and 
water. 

Nothing  of  this  kind  occurs  with  boron  chloride,  because  hydro- 
chloric acid  does  not  act  on  boric  acid.  However,  amorphous  boron 
at  400°  burns  in  chlorine,  and  at  410°  forms  boron  chloride,  BCI.3 
The  boron  burns  in  the  chlorine,  forming  a  gas  which,  in  a  freezing 
mixture,  condenses  into  a  liquid  boiling  at  17°,  and  gives  up  its  excess 
of  chlorine,  if  there  be  any,  to  mercury.  The  specific  gravity  of  this 
liquid  is  1'42  at  6°  Boron  chloride  may  also  be  directly  obtained 
from  boric  anhydride  by  the  simultaneous  action  of  charcoal  and 
chlorine  at  a  high  temperature  :  B203-|-3C-f  SClj  =  2BCI3-I-3CO.  It 
is  also  obtained  by  the  action  of  phosphoric  chloride  on  boric  an- 
hydride in  a.  closed  tube  at  200°  It  is  completely  decomposed  by 
water,  like  the  chloranhydride  of  an  acid,  boric  acid  being  formed  ; 
hence  it  fumes  in  the  air  :  2BCI3  +  6H2O  =  2BHa03  +  6HCl.    Boron 

complex  but  direct  chemical  transformations,  and  I  think  that  this  example  should  prove 
the  justness  of  those  observations  upon  the  nature  of  solutions  which  are  given  in 
Chapter  I. 

^■*  They  are  called  fiuoborates.  They  may  be  prepared  directly  from  fluorides  and 
borates.  Such  compounds  of  halogens  -with  oxygen  salts  are  known  in  nature  (for 
instance,  apatite  and  boracite),  and  may  be  artificially  prepared.  The  composition  of 
the  fiuoborates — for  example,  K4BF3O2 — may  be  expressed  as  that  of  a  double  salt, 
B0(0K),3KF.  If  an  excess  of  water  decomposes  them  (Bazaroff),  this  does  not  prove 
that  they  do  not  exist  as  such,  for  many  double  salts  are  decomposed  by  water. 

1^  Fluoboric  acid  contains  boron  fluoride  and  water,  hydrofluoboric  acid,  boron  fluo- 
ride, and  hydrofluoric  acid.  It  is  evident  that  on  the  one  side  the  competition  between 
water  and  hydrofluoric  acid,  and,  on  the  other  hand,  their  power  to  combine,  are  among 
the  forces  which  act  here.  From  the  fact  that  hydroborofluoric  acid,  HBF4,  can  only 
exist  in  an  aqueous  solution,  it  must  be  assumed  that  it  forms  a  somewhat  stable  system 
only  in  the  presence  of  SH^O. 
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forms  with  bromine  a  similar  compound,  BBfj,  specific  gravity  at 
6°  =  2-64,  boiling  at  90°.  The  vapour  densities  of  the  fluoride,  chloride, 
and  bromide  of  boron  show  that  they  contain  three  atoms  of  the 
halogen  in  the  molecule — that  is,  that  boron  is  a  trivalent  element 
forming  6X3."=  "^ 

As  in  the  first  group  lithium  is  followed  by  sodium,  giving  a  more 
basic  oxide,  so  in  the  second  group  beryllium  is  followed  by  magnesium, 
and  so  also  in  the  third  group  there  is,  besides  the  lightest  element, 
boron,  whose  basic  character  is  scarcely  defined,  aluminium,  Al  =  27, 
whose  oxide,  alumina,  has  somewhat  distinct  basic  properties,  which, 
although  not  so  powerful  as  in  magnesium  oxide,  are  more  distinct 
than  in  boric  anhydride.  Among  the  elements  of  the  third  group, 
aluminium  is  the  most  widely  distributed  in  nature  ;  it  will  be  sufficient 
to  mention  that  it  enters  into  the  composition  of  clay  to  demonstrate 
the  universal  distribution  of  aluminium  in  the  earth's  crust. 

Alumina  is  so  named  from  its  being  the  metal  of  alums  (alumen). 

Clay,  which  is  so  widely  distributed  and  familiar  to  everybody,  is 
the  insoluble  residue  obtained  after  the  action  of  water  containing 
carbonic  acid  on  many  rocks,  and  especially  on  the  felspars  contained 
in  some  of  them.  Felspar  is  a  compound  containing  potash  or  soda, 
alumina,  and  silica.  The  primary  rocks,  like  granite,  contain  many 
similar  compounds  {see  Chapter  XVITI.  :  Felspars).  Felspar  is  acted 
on  by  water  containing  carbonic  acid,  all  the  alkalis  (potash  and 
soda),  and  a  portion  of  the  silica  passing  into  the  water  as  substances 
which  are  soluble  and  carried  away  by  it,  whilst  the  alumina  and 
silica  left  from  the  felspar  remain  on  the  spot  where  the  solution 
has  taken  place.  This  is  the  original  method  of  the  formation  of 
clay  in  its  primary  deposits  among  rooks  along  whose  crevices  the 
atmospheric  water  has  permeated.  Such  primary  deposits  often  contain 
a  white  pure  clay,  termed  ^aoZiji  or  porcelain  clay.  But  such  clay  is  a 
rarity,  because  the  conditions  for  its  formation  are  rarely  met  with. 
The  water,  whilst  acting  chemically  on  rocks,  at  the  same  time  destroys 
them  mechanically,  and  carries  ofi"  the  finely  divided  residues  of  dis- 
integration with  it.  Olay  is  most  easily  subjected  to  this  mechanical 
action  of  water,  because  it  is  composed  of  grains  of  exceedingly  small 
size  and  void  of  any    visible    crystalline   structure,  which  easily  re- 

I'ibis  Iodide  of  boron,  BI5,  was  obtained  by  Moissan  (1891),  by  heating  a  mixture  of 
the  vapours  of  HI  and  BCI5  in  a  tube,  or  by  the  action  of  iodine  vapour  (at  750°)  or  HI 
rupon  amorphous  boron.  BI3  is  a  sohd  substance  which  dissolves  in  benzol  and  CS^,  reacts 
with  water,  melts  at  43",  boils  at  210°,  has  a  density  3-3  at  60°,  and  partially  decomposes 
in  the  hght.  Besson  (INOl)  obtained  BIBr,  (boiling  at  125°),  audBIjBr  (boiling  at  180°) 
by  heating  (800-400°)  a  mixture  of  the  vapours  of  HI  and  BBrj,  and  showed  that  NH3 
combines  with  BBrs  and  BI,  in  various  proportions. 
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main  suspended  in  water.  The  cloudy  water  of  running  mountain 
streams  generally  contains  particles  of  clay  in  suspension,  owing  to  the 
above-described  chemical  and  mechanical  action  of  the  water  on  the 
minerals  contained  in  the  mountain  rooks.  Together  with  these 
minute  particles  of  clay  the  water  carries  away  the  coarser  components 
on  which  it  is  not  able  to  act — for  example,  splinters  of  rock, 
grains  of  mica,  quartz,  t&c.  They  were  originally  held  together  by 
those  minerals  which  form  clay.  When  the  water  acts  on  these 
binding  minerals,  a  sandy  mass  is  formed  which  water  bears  away. 
The  cloudy  water  in  which  the  particles  of  clay  and  sand  are  held 
in  suspension  carries  them  to,  and  deposits  them  at,  the  estuaries  of 
rivers,  lakes,  seas,  and  oceans.  The  coarser  particles  are  lirst  deposited 
and  form  sand  and  similar  disintegrated  rocky  matter,  whilst  the 
clay,  owing  to  its  finely  divided  state,  is  carried  on  further,  and  is 
only  deposited  in  the  still  parts  of  the  rivers,  lakes,  etc.  Such  dis- 
integrations of  rocks  and  separations  of  clay  from  sand  have  been 
gradually  going  on  during  the  millions  of  years  of  the  earth's  existence, 
and  are  now  proceeding,  and  have  been  the  cause  of  the  formation  of 
the  immense  deposits  of  sandstone  and  clay  now  forming  a  part  of  the 
earth's  strata.  Such  beds  of  clay  may  have  been  transferred  by  cur- 
rents and  streams  from  one  locality  to  another,  so  that  we  must  dis- 
tinguish between  primary  and  secondary  deposits  of  clay.  In  places 
these  beds  of  clay  have,  owing  to  long  exposure  under  water,  and 
perhaps  partially  owing  to  the  action  of  heat,  undergone  compression, 
and  have  formed  the  rocky  masses  known  as  clay  slates  and  schists, 
which  sometimes  form  entire  monntains.  Roofing  slates  belong  to  this 
class  of  rocks. 

From  what  has  been  said  above  it  will  be  evident  that  these 
deposits  can  never  consist  of  a  chemically  pure  and  homogeneous  sub- 
stance, but  will  contain  all  kinds  of  extraneous  insoluble  finely  divided 
matter,  and  especially  sand — that  is,  fragments  of  rock,  chiefly  quartz 
(SiOj).  It  is,  however,  possible  to  considerably  purify  clay  from 
these  impurities,  owing  to  the  fact  that  they  are  the  result  of 
mechanical  disintegration,  whilst  the  clay  has  been  formed  as  a  residue 
of  the  chemical  alteration  of  rocky  matter,  and  therefore  its  particles 
are  incomriarably  more  minute  than  the  particles  of  sand  and  other 
rock  fragments  mixed  with  it.  This  difference  in  the  size  of  the  grains 
causes  the  clay  to  remain  longer  in  suspension  when  shaken  up  in  water 
than  the  coarser  grains  of  sand.  If  clay  be  shaken  up  in  water,  and 
especially  if  it  be  previously  boiled  in  it,  and  if  after  the  first  portion 
has  settled  the  cloudy  water  be  decanted,  it  will  give  a  deposit  of  a 
very  much  purer  clay  than  the  original.     This  method  is  employed  for 
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purifying  kaolin  designed  for  the  manufacture  of  the  best  kinds  of 
china,  earthenware,  ike.  A  similar  method  is  also  employed  in  the  in- 
vestigation of  earths  for  determining  the  composition  of  soils  chiefly 
composed  of  a  mixture  of  sand,  clay,  limestone,  and  mould.  The 
limestone  is  soluble  in  dilute  acids,  but  neither  the  clay  nor  sand  passes 
into  solution  by  this  means,  and  therefore  the  limestone  is  easily 
separated  in  the  investigation  of  soils.  The  clay  is  separated  from  the 
sand  by  a  mechanical  method  similar  to  that  described  above,  and 
termed  leriffation.^'' 

1"  The  process  of  Jevigationis  based  on  the  difEerence  in  the  diameters  of  the  particles 
of  clay  and  sand.  In  density  these  particles  differ  but  little  from  each  other,  and  there- 
fore a  stream  of  water  of  a  certain  velocity  can  only  carry  away  the  particles  of  a  certain 
diameter,  whilst  the  particles  of  a  larger  diameter  cannot  be  borne  away  by  it.  This  is 
due  to  the  resistance  to  falling  offered  by  the  water.  This  resistance  to  substances 
raoviug  in  it  increases  with  the  velocity,  and  therefore  a  substance  falling  into  water  will 
only  move  with  an  increasing  velocity  until  its  weight  equals  the  resistance  offered  by 
the  water,  and  then  the  velocity  will  be  uniform.  And  as  the  weight  of  the  minute 
particles  of  clay  is  small,  the  maximum  velocity  attained  by  them  in  falling  is  filso  small. 
A  detailed  account  of  the  theory  of  falling  bodies  in  liquid,  and  of  the  experiments  bear- 
ing on  this  subject,  may  be  found  in  my  work,  Concerning  the  Sesistance  of  Liquids  and 
Aeronautics,  1880.  The  minute  particles  of  clay  remain  suspended  longer  in  water,  and 
take  longer  to  fall  to  the  bottom.  Heavy  particles,  although  of  small  dimensions,  fall  more 
quickly,  and  are  borne  away  by  water  with  greater  difficulty  than  the  lighter.  In  this  way 
gold  and  other  heavy  ores  are  washed  free  from  sand  and  clay,  and  the  coarser  portions  and 
heavier  particles  are  left  behind.  A  current  of  water  of  a  certain  velocity  cannot  cany 
away  with  it  particles  of  more  than  a  definite  diameter  and  density,  but  by  increasing  the 
velocity  of  the  current  a  point  may  be  arrived  at  when  it  will  bear  away  larger  particles. 
A  description  of  apparatus  for  the  observation  of  phenomena  of  this  kind  is  given  by 
Schone  in  his  memoh*  in  the  Transactions  of  the  Moscow  Society  of  Natural  Sciences  for 
1807.  In  order  to  be  able  accurately  to  vary  the  velocity  of  the  current  of  water,  a 
cylinder  is  employed  in  which  the  earth  to  be  exx^erimented  on  is  placed,  and  water  is  in- 
troduced through  the  conical  bottom  of  the  cylinder.  The  rate  at  which  the  water  rises 
in  the  cylinder  will  vary  according  to  the  quantity  of  water  flowing  per  unit  of  time  into 
the  vessel,  and  consequently  particles  of  various  sizes  wiU  be  carried  away  by  the  water 
flowing  over  the  upper  edges  of  the  vessel.  Schone  showed  by  direct  experiment  that  a 
current  of  water  having  a  velocity  of  O'l  mm.  per  second  will  carry  away  particles  having 
a  diameter  of  not  more  than  0'0075  mm.,  that  is,  only  the  most  minute ;  with  a  velocity 
i'  =  0-2  mm.  per  second,  particles  having  a  diameter  (i  =  0-011  mm.  are  carried  away; 
with  j)  =  0-3  mm.,  d  =  0'0146  mm.;  with  j)  =  0-4  mm.,  (^  =  0-017  mm.;  with  i;  =  0-5  nun., 
(7  =  002  mm.;  with  i;  =  l  mm.,  f?  =  0-03  mm.;  with  v  =  i  mm.,  (7  =  0-07  mm.;  with 
»  =  10nun.,  (7  =  0-137 mm.;  with  ?)  =  12  mm.,  (7  =  0-15  mm.;  and  therefore  if  the  current 
does  not  exceed  one  of  these  velocities,  it  will  only  carry  away  or  wash  away  particles 
having  a  diameter  less  than  that  indicated.  The  sand  and  other  particles  mixed  with 
the  clay  will  then  remain  in  the  vessel.  The  very  minute  particles  obtained  after  levi- 
gation  are  all  considered  as  clay,  although  not  only  clay  but  other  rock  residue  may  also 
exist  in  it  as  very  fine  particles.  However,  this  is  very  seldom  the  case,  and  the  fine 
mud  separated  from  aJl  clays  has  practically  the  same  composition  as  the  purest  kinds 
of  kaolin. 

The  relation  between  the  amounts  of  clay  and  sand  in  soils  used  for  the  cultivation  of 
plants  is  very  important,  because  a  soil  rich  in  clay  is  denser,  heavier,  shrinks  up  under 
the  action  of  heat,  and  does  not  readily  yield  to  the  plough  in  dry  or  wet  weather,  whilst 
a  soil  rich  in  sand  is  friable,  crumbling,  easily  parts  with  its  moisture  and  di-ies  rapidly, 
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By  treating  clay  with  strong  sulphuric  acid,  which  dissolves  the 
aluminainit,and  then  (by  means  of  an  alkaline  carbonate)  dissolving  the 
silica  which  was  combined  with  the  alumina  in  the  clay  (but  not  that 

but  is  comparatively  easily  worked.  Neither  crumbling  sand  nor  pure  clay  can  be  re- 
garded as  a  good  cultivating  soil.  The  difference  in  the  amounts  of  clay  and  sand  in  a 
soil  has  also  a  purely  chemical  signification.  Sand  is  easily  permeated  by  the  air,  because 
its  particles  are  not  closely  packed  together.  Hence  the  chemical  change  of  manures 
proceeds  very  easily  in  sandy  soils.  But  on  the  other  hand  such  soils  do  not  retain  the 
nutritious  principles  contained  in  the  manure,  nor  the  water  necessary  for  the  nourish- 
ment of  plants  by  means  of  their  roots.  Solutions  of  nutritious  substances,  containing 
salts  of  potassium,  phosphoric  acid,  &c.,  when  passed  through  sand  only  leave  a  portion 
moistening  the  surface  of  its  particles.  The  sand  has  only  to  be  washed  with  i:iure  water 
and  all  the  adhering  films  of  solution  are  washed  away.  It  is  not  so  with  clay.  If  the 
above  solutions  be  passed  through  a  layer  of  clay  the  retention  of  the  nutritive  substances 
of  these  solutions  will  be  very  marked  ;  this  is  partly  because  of  the  very  large  surface 
which  the  minute  particles  of  clay  expose.  The  nutritive  elements  dissolved  in  water  are 
retained  by  the  particles  of  clay  in  a  peculiar  manner — that  is,  the  absorptive  power  of 
clay  is  very  great  compared  to  that  of  sand — and  this  has  a  great  significance  in  the 
economy  of  nature  {Chapter  XIII.,  p.  547).  It  is  evident  that  for  cultivation  the  most 
convenient  soils  in  every  respect  will  be  those  containing  a  definite  mixture  of  clay  and 
sand,  and  indeed  the  most  fertile  soils  have  this  composition.  The  study  of  fei'tile  soila, 
which  is  so  important  for  a  knowledge  of  the  natural  conditions  for  the  application  of 
fei-tilisers,  belongs,  strictly  speaking,  to  the  province  of  agriculture.  In  Russia  the  first 
foundation  of  a  scientific  fertilisation  has  been  laid  by  Dokuchaeff.  As  an  example  only, 
we  will  give  the  composition  of  four  soils  ;  (1)  The  black  earth  of  the  Simbirsk  Govern- 
ment ;  (2)  a  clay  soil  from  the  Smolensk  Government ;  (3)  a  more  sandy  soil  from  the 
Moscow  Government ;  and  (4)  a  peaty  soil  from  near  St.  Petersburg.  These  analyses  were 
made  in  the  laboratory  of  the  St.  Petersburg  University  about  1860,  in  connection  with 
experiments  on  fertilisation  (conducted  by  me)  by  the  Imperial  Free  Economical  Society. 
10,000  grams  of  air-dried  soil  contain  the  following  quantities  (in  gi-ams)  of  substances 
capable  of  dissolving  in  acids,  and  of  serving  for  the  nourishment  of  plants. 

NagO     . 

K2O 

MgO      . 

CaO 

P0O5 

N  . 

S  .         . 

FesO,    . 

By  chemical  and  mechanical  analysis,  the  chief  component  parts  per  100  j)arts  of  air- 
dried  soil  are 


(1) 

(2) 

(3) 

(i) 

11 

5   '■ 

4 

4 

58 

10 

7 

5 

92 

S3 

19 

7 

134 

17 

14 

11 

7 

1 

7 

3 

44 

11 

13 

16 

13 

7 

7 

-6 

841 

155 

111 

46 

Clay      ... 

46 

29 

12 

10 

Sand     . 

40 

67 

86 

84 

Organic  matter     . 

3-7 

1-7 

0-6 

4-1 

Hygroscopic  water 

6-3 

1-8 

0-8 

1-9 

Weight  of  a  litre  in  grams   . 

1150 

1270 

1350 

960 

The  black  earth  excels  the  other  soils  in  many  respects,  but  naturally  it^^  stores  are  also 
exhausted  by  cultivation  if  nothing  be  returned  to  it  in  the  form  of  fertilisers  ;  and  the 
improvement  of  a  soil  (for  instance,  by  the  addition  of  marl  or  peat,  and  by  drainage  and 
watering),  and  its  fertilisation,  if  carried  on  in  conformity  with  its  composition  and  with 
the  properties  of  the  plants  to  be  cultivated,  are  capable  of  rendering  not  only  every 
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occurriDg  in  the  form  of  sand,  .tc,  which  is  hardly  dissolved  by  car- 
bonate of  soda  solution  at  all  even  on  boiling),  we  may  form  an  idea  of 
the  proportion  lietween  the  component  parts  of  a  clay  ;  and  by  igniting 
it  at  a  high  temperature  we  may  determine  the  amount  of  water  held 
in  it.  In  the  purer  sorts  of  clay  dried  at  100°  (sp.  gr.  of  pure  kaolin  is 
about  2- •"i)  this  proportion  is  about  2SiO,  :  SH^O  :  AloOj.  In  this  case 
the  conversion  of  felspar  into  kaolin  is  expressed  by  the  equation  : — 

KAAl,03,6SiO,  =  Al.,03,2Si02-|-K,0,4Si02 ; 

Felspai-  Kaolin 

the  compound  K;,0,4Si02  passes  into  solution. 

But  as  a  rule  clays  contain  from  45  to  60  p.c.  of  silica,  from  20  to 
30  p.c.  of  alumina,  and  about  12  p.c.  of  water  ;  and  it  cannot  be 
supposed  that  clays  are  always  homogeneous,  because  they  are 
an  aggregation  of  residues  (of  silico-aluminous  compounds)  whicli 
are  unacted  on  by  water.  Nevertheless,  clays  always  contain  a 
hydrous  compound  of  alumina  and  silica,  which  is  able  to  give  up  the 
alumina  contained  by  it  as  a  base  to  strong  sulphuric  acid,  forming 
aluminium  sulphate,  which  is  soluble  in  water.  After  this  treatment 
the  silica  remains,  and  is  soluble  in  a  solution  of  an  alkaline  car- 
bonate.'^ 

soil  fit  for  cultivation,  but  also  of  improving  its  value,  so  that  in  the  course  of  time  wliole 
countries  (like  Holland)  may  clearly  improve  their  agiicultural  position,  whilst  under 
the  ordinary  regime  of  continued  e-thaustion  of  the  soil,  entire  regions  (as,  for  instance, 
many  parts  of  Central  Asia)  may  be  rendered  unfit  for  any  agi'iculture. 

18  Everyone  knows  that  a  mixture  of  clay  and  water  is  endowed  with  the  property  of 
takmg  a  given  form  when  subjected  to  a  moderate  pressm-e.  This  plasticity  of  clay 
renders  it  an  invaluable  material  for  practical  purposes.  From  clay  are  moulded  and 
manufactured  a  variety  of  objects,  beginning  with  the  common  brick  and  ending  with  the 
most  delicate  china  works  of  art.  This  plasticity  of  clay  increases  with  its  pm'ity. 
Wlien  articles  made  of  clay  are  dried,  the  well-lcnown  hard  mass  is'  obtained ;  but  water 
washes  it  away,  and  furthermore,  the  cohesion  of  its  particles  is  not  sufficiently  great  for 
it  to  resist  the  impression  of  blows,  shocks,  kc.  If  such  an  article  be  subjected  to  the 
action  of  heat,  its  volume  first  decreases,  then  it  begins  to  lose  water,  and  it  shrinks  still 
further  (in  the  case  of  a  compact  mass  approximately  by  \  of  its  linear  measurement). 
On  the  other  hand,  a  great  coherence  of  particles  is  obtained,  and  thus  burnt  clay  has  the 
hardness  of  stone.  Pure  clay,  however,  shrinks  so  considerably  when  burnt  that  the  form 
given  to  it  is  destroyed  and  cracks  easily  form ;  such  vessels  are  also  porous,  so  that 
they  will  not  hold  water.  The  addition  of  sand — that  is,  silica  in  fine  particles — or  of 
chanwtte — that  is,  already  burnt  and  crushed  clay — renders  the  mass  much  more  dense 
and  incapable  of  cracking  in  the  furnace.  Nevertheless,  such  clay  articles  (bricks, 
earthenware  vessels,  itc.)  are  still  porous  to  liquids  after  being  burnt,  because  the  clay 
in  the  furnace  is  only  baked  and  does  not  fuse.  In  order  to  obtain  articles  impervions 
to  water  the  clay  must  either  be  mixed  with  substances  which  form  a  glassy  mass  in  the 
furnace,  permeating  the  clay  and  filling  up  its  pores,  or  else  only  the  surface  of  the 
article  is  covered  with  such  a  glassy  fusible  substance.  In  the  first  case  the  purest  kinds 
of  clay  give  what  is  known  as  china,  in  the  second  case  porcelain  or  '  faience.'  So,  for 
instance,  by  covering  the  surface  of  clay  articles  with  a  layer  of  the  oxides  of  lead  and 
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Clay  is  the  source  from  which  alumina,  AljO-j,  and  the  majority  of 
the  compounds  of  aluminium  are  prepared.  Among  these  compounds 
the  most  important  are  tlie  alums: — that  is,  the  double  sulphates  of 
potassium  (and  allied  metals)  and  aluminium,  AlK(804).j,12H20.  When 
clay  is  treated  with  sulphuric  acid  diluted  with  a  certain  amount  of 
water,  aluminium  sulphate,  Al2(S04).„  is  formed  ;  and  if  potassium 
carbonate  or  sulphate  be  added  to  this  solution,  a  double  salt  or 
alum  is  obtained  in  solution.  The  alums  crystallise  easily,  and  are 
prepared  on  a  very  large  manufacturing  scale  owing  to  their  being 
employed  in  the  process  of  dyeing.  Alums  are  soluble  in  water,  and, 
on  the  addition  of  ammonia  to  their  solutions,  they  give  hydrous 
alumina,  or  aluminiuin  hydroxide,  as  a  white  gelatinous  precipitate, 
which  is  insoluble  in  water  but  easily  soluble  in  acids,  even  when  dilute, 
and  in  aqueous  soda  or  potash.  The  solubility  of  alumina  in  acids 
indicates  the  basic  character  of  the  oxide,  and  its  solubility  in  alkalis 
and  its  power  of  forming  compounds  with  them  shows  the  weakness 
of  this  basic  character.  However,  the  feeblest  acids,  even  carbonic 
acid,  take  up  the  alkali  from  such  a  solution,  and  the  alumina  then 
separates  out  in  a  precipitate  as  the  hydroxide.  It  must  also  be  re- 
membered as  characteristic  of  the  salt-forming  properties  of  alumina 
that  it  does  not  combine  with  such  feeble  acids  as  carbonic,  sulphurous, 
or  hypochlorous,  &o. — that  is,  its  compounds  with  these  acids  are 
decomposed  by  water.  It  is  also  important  to  observe  that  the 
hydroxide  is  not  soluble  in  aqueous  ammonia. 

Alumina,  AljO^ — that  is,  the  anhydrous  aluminium  oxide — is 
met  with  in  nature,  sometimes  in  a  somewhat  pure  state,  having 
crystallised  in  transparent  crystals,  which  are  often  coloured  by  im- 
purities (chromic,  cobaltic,  and  ferric  compounds).  Such  are  the  ruby 
and  sapphire,  the  former  red  and  the  latter  blue.  They  have  a  specitic 
gravity  4'0,  are  distinguished  by  their  very  great  hardness,  which  is 
second  only  to  that  of  the  diamond,  and  they  represent  the  purest 
form  of  alumina.  They  are  found  in  Ceylon  and  other  islands  of  the 
Indian  Archipelago,  embedded  in  a  rook  matrix."''*^     Corundum  is  the 

tin,  the  well-kno-.vn  wliite  glaze  is  obtained,  Ijecanse  the  oxides  of  these  metals  give  a 
white  gloss  when  fused  with  silica  and  clay.  In  the  preparation  nf  china,  fluor  spar  and 
finely  ground  silica  is  mixed  up  into  the  clay;  these  ingredients  give  a  mass  which  is 
infusible  but  softens  in  the  furnace,  so  that  all  the  particles  of  the  clay  cohere  in"  this 
softened  mass,  which  hardens  on  cooling.  A  glaze  composed  of  glassy  substances,  which 
only  fuse  at  a  high  temperature,  is  also  applied  to  the  surface  of  cbiua  articles. 

I8bi8  Premy  (1890)  obtained  transparent  rubies,  which  crystallised  in  rhombohedra, 
and  resembled  natural  rubies  in  their  hardness,  colour,  size,  and  other  properties.  He 
heated  together  a  mixture  of  anhydrous  alumina  containing  more  or  less  caustic 
potash,  with  barium  fluoride  and  bichromate  of  potassium.  The  latter  is  added 
to  give  the  ruby  its  colour,  and  is  taken  in  small  quantity  (not  more  than  4  parts  by 
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same  crystallised  anhydrous  alumina  coloured  brown  by  a  trace  of 
oxide  of  iron.  A  very  much  larger  portion  of  this  impurity  occurs  in 
emery,  which  is  found  in  crystalline  masses  in  Asia  IMinor  and  in 
Massachusetts,  and  owing  to  its  extreme  hardness  is  employed  for 
polishing  stones  and  metals.  In  this  anhydrous  and  crystalline  state 
the  aluminium  oxide  is  a  substance  which  very  powerfully  resists  the 
action  of  reagents,  and  is  insoluble  both  in  solutions  of  the  alkalis 
and  in  strong  acids.  It  is  only  capable  of  passing  into  solution  after 
being  fused  with  alkalis. '^  Alumina  may  be  obtained  in  this  form  by 
artificial  means  if  the  hydroxide  be  ignited  and  then  fused  in  the  oxy- 
hydrogen  ilame.^"  Alumina  also  occurs  in  nature  in  combination  with 
water — as,  for  instance,  in  the  rather  rare  minerals  hydrargillitp. 
(sp.  gr.  2-3),  A1,03,3H20  =  2A1(H0)3,  and  diaspore,  Al^OjjHjO 
=  2A10(H0)  (sp.  gr.  3'4).  A  less  pure  hydrate,  mixed  with  ferric 
oxide,  sometimes  occurs  in  masses  (at  Baux  in  the  south  of  France)  and 
is  termed  bauxite ;  it  contains  Al203,2H20  =  AloO(HO)4  (sp.  gr.  2'6). 
When  bauxite  is  ignited  with  sodium  carbonate,  carbonic  anhydride 
is  liberated  and  the  alumina  then  combines  with  the  sodium  oxide, 
forming  a  saline  aluminate  of  the  oxides  of  aluminium  and  sodium. 
This  is  taken  advantage  of  in  practice  for  the  preparation  of  pure 
alumina  compounds  on  a  large  scale,  for  bauxite  is  found  in  large 
masses  (in  the  South  of  France,  in  Austria,  and  in  Carolina  in  South 
America),  and  the  resultant  compound  of  alumina  and  sodium 
is  soluble  in  water  and  does  not  contain  ferric  oxide.  This  solution 
when  subjected  to  the  action  of  carbonic  anhydride  gives  a  precipi- 
tate of   aluminium    hydroxide,'^'    which  with  acids  forms  aluminium 

weight  to  100  parts  of  almnina).  The  mixture  is  put  into  tt,  clay  crucible,  and  heated 
(for  from  100  hours  to  8  days)  in  a  reverberatory  furnace  at  a  temperature  approaching 
1,500°.  At  the  end  of  the  experiment  the  crucible  was  found  to  contain  a  crystal- 
line mass,  and  the  walls  were  covered  with  crystals  of  the  ruby  of  a  beautiful  rose  colour. 
It  was  found  that  the  access  of  moist  air  was  indispensable  for  the  reaction.  According 
to  Pr^my,  the  formation  of  the  ruby  may  be  here  explained  by  the  formation  of  fluoride 
of  aluminium  which  under  the  action  of  the  moist  air  at  the  high  temperature  of  the 
furnace  gives  the  ruby  and  hydrofluoric  acid  gas. 

1^  The  effects  of  purely  mechanical  subdivision  on  the  solubility  of  alunaina  are  evident 
from  the  fact  that  native  anhydrous  alumina,  when  converted  into  an  exceedingly  fine 
powder  by  means  of  levigation,  dissolves  in  a  mixture  of  strong  sulphuric  acid  and  a  small 
quantity  of  water,  especially  when  heated  in  a  closed  tube  at  200°,  or  when  fused  with 
acid  sulphate  of  potassium  {see  Chapter  XIII.,  Note  9). 

2°  The  preparation  of  crystallised  alumina  is  given  on  p.  65,  and  in  Note  18  bis.  When 
alumina,  moistened  with  a  solution  of  cobalt  salt,  is  ignited,  it  forms  a  blue  mass  called 
Th^nard's  salt.  This  coloration  is  talcen  advantage  of  not  only  in  the  arts,  but  also  for 
distinguishing  alumina  from  other  earthy  substances  resembling  it. 

-1  The  treatment  of  bauxite  is  carried  on  on  a  large  scale,  chiefly  in  order  to  obtain 
alumina  from  alkaline  solutions,  free  from  ferric  oxide,  because  in  dyeing  it  is  necessary 
to  have  salts  of  aluminium  which  do  not  contain  iron.  But  this  end,  it  would  seem,  may 
also  be  obtained  by  igniting  alumina  containing  feri'ic  oxide  in  a  stream  of  chlorine  mixed 
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salts.  If  aqueous  ammonia  be  added  to  a  solution  of  aluminium 
sulphate  a  gelatinous  precipitate  is  formed,  which  at  first  remains 
suspended  in  the  liquid  and  then  on  settling  forms  a  gelatinous  mass, 
which  itself  indicates  the  colloidal  jtro^ierty  of  a/umiidum  hydroxide. 
The  following  points  are  characteristic  of  this  colloidal  state  :  (l)in  an 
anhydrous  state  such  a  colloidal  substance  is  insoluble  in  water,  as 
alumina  is  ;  (2)  in  the  hydrated  state,  it  is  gelatinous  and  insoluble  in 
water  ;  and  (3)  it  is  also  capable  of  existing  in  solutions,  from  which 
it  separates  out  in  a  non-crystalline  state,  forming  a  substance  re- 
sembling glue.  These  different  states  of  colloids  were  distinguished  by 
Graham,  who  gave  them  the  following  very  characteristic  names.  He 
called  the  gelatinous  form  of  the  hydrate  hydrogel,  i.e.  a,  gelatinous 
hydrate,  and  the  soluble  form  of  the  aqueous  compound,  hydrosol, 
from  the  Latin  for  a  soluble  hydrate.  Alumina  readily  and  frequently 
assumes  these  states.  The  gelatinous  hydrate  of  alumina  is  its 
hydrogel.  It  is,  as  has  been  already  mentioned,  insoluble  in  water, 
and,  like  all  similar  hydrogels,  shows  not  the  faintest  sign  of  crystal- 
lisation ;  it  is  apt  to  vary  in  many  of  its  properties  with  the  amount  of 
water  it  contains,  and  loses  its  water  on  ignition,  leaving  a  white 
powder  of  the  anhydrous  oxide.  The  hydrogel  of  alumina  is  soluble 
both  in  acids  and  alkalis.  It  may  also  be  obtained  by  the  evaporation 
of  its  solutions  in  such  feebly  energetic  acids  as  volatile  acetic  acid. 
These  properties  are  very  frequently  made  use  of  in  the  arts,  and 
especially  in  the  j)rocesses  of  dyeing,  because  the  hydrogel  of  alumina 
in  precipitating  attracts  a  number  of  colouring  matters  from  their 
solutions,  the  precipitate  being  thus  coloured  by  the  dyes  attracted.^^ 

witli  hydrocarbon  vapours,  as  ferric  chloride  then  volatihses.  K.  Bayer  observed  that  in 
the  treatment  of  bauxite  with  soda,  about  4  molecules  of  sodium  hydroxide  pass  into 
solution  to  1  molecule  of  alumina,  and  that  on  agitating  this  solution  {especially  in  the 
presence  of  some  already  precipitated  aluminium  hydroxide),  about  two-thirds  of  the 
alumina  is  precipitated,  so  that  only  1  molecule  of  alumina  to  12  molecules  of  sodium 
hydroxide  remains  in  solution.  This  solution  is  evaporated  directly,  and  used  again. 
He  therefore  treats  bauxite  directly  with  a  solution  of  NaHO  at  170°  in  a  closed 
boiler,  and  on  cooling  adds  hydrated  alumina  to  the  resultant  solution.  The  greater  part 
of  the  dissolved  alumina  then  precipitates  on  this  hydrated  alumina,  and  the  solution  is 
used  over  again.  The  hydroxide  which  separates  from  the  alkaline  solution  contains 
A1(0H)5.  All  these  properties  bear  a  great  resemblance  to  those  of  boric  acid.  It  may 
be  taken  for  granted  that  the  relation  between  sodium  hydroxide  and  alumina  in  solution 
Taries  with  the  mass  of  water. 

If  lime  be  added  to  a  solution  of  alumina  in  alkali  (sodium  aluminate)  calcium 
aluminate  is  precipitated,  from  which  acids  first  extract  the  lime,  leaving  aluminium 
hydroxide,  which  is  easily  soluble  in  acids  (Loewig).  "When  sodium  aluminate  is  mixed 
with  a  solution  of  sodium  bicarbonate,  a  double  carbonate  of  the  alkali  and  aluminium 
is  precipitated,  which  is  easily  soluble  in  acids. 

22  These  coloured  precipitates  of  alumina  are  termed  lakes,  and  are  employed  in  dye- 
ing tissues  and  in  the  formation  of  various  pigments-^sucli  as  pastels,  oil  colours,  &c. 
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The  preparation  of  tixed  dyes  and  the  employment  of  aluminous 
compounds  (mordants)  in  the  processes  of  dyeing  are  founded  on  this 
fact.^3  When  precipitated  upon  the  fibres  of  tissues  (calicoes,  linens, 
<fcc.)  the  aluminium  hydroxide  renders  them  impermeable  to  water  ; 

Thus,  if  organic  colouring  matters,  such  as  logwood,  madder,  itc,  are  added  to  a  solution 
of  any  aluminium  salt,  and  then  an  alkali  is  added,  so  that  alumina  may  be  precipitated, 
these  pigments,  wliich  are  by  themselves  soluble  in  water,  will  come  down  with  the  pre- 
cipitate. This  shows  that  alumina  is  able  to  combine  with  the  colouring  matter,  and  that 
this  compound  is  not  decomposed  by  water.  The  dyes  then  becouie  insoluble  in  water.  If 
a  dye  be  mixed  with  starch  paste  and  almninium  acetate,  and  then,  by  means  of 
engraved  blocks  having  a  design  in  relief,  we  transfer  this  mixture  to  a  fabric  which  is 
then  heated,  the  aluminium  acetate  will  leave  the  hydrogel  of  alumina  which  binds  the 
colouring  matter,  and  water  will  no  longer  be  able  to  wash  the  pigment  from  the  material 
— that  is,  a  so-called  '  fixed  '  dye  is  obtained.  In  the  case  of  dyeing  a  fabric  a  uniform 
tint,  it  is  first  soaked  in  a  solution  of  aluminium  acetate  and  then  dried,  by  which 
means  the  acetic  acid  is  driven  off,  while  the  hydrogel  of  alumina  adheres  to  the  fibres  of 
the  material.  If  the  latter  be  then  passed  through  a  solution  of  a  dye  in  water,  the 
former  will  be  attracted  to  the  portions  covered  with  alumina,  and  closely  adhere  to  them. 
If  certain  parts  of  the  material  be  protected  by  the  application  of  an  acid,  such  as  tartaric, 
C4H6O6,  oxalic,  citric,  Oirc.  (these  acids  being  non-volatile),  the  alumina  will  be  dissolved 
in  those  parts,  and  the  pigment  will  not  adhere,  so  that  after  washing,  a  white  design 
will  be  obtained  on  those  parts  which  have  been  so  protected. 

In  dye-works  the  aluminium  acetate  is  generally  obtained  in  solution  by  taking  a 
solution  of  almn,  and  mixing  it  with  a  solution  of  lead  acetate.  In  this  case  lead 
sulphate  is  precipitated  and  aluminium  acetate  remains  in  solution,  together  with  either 
acetate  or  sulphate  of  potassium,  according  to  the  amount  of  acetate  of  lead  first  taken, 
The  complete  decomposition  will  be  as  follows:  KAl(SO4).,4-2Pb(C2H5O.;)2  =  KC.,H30., 
-hAl(CcH30.>)5  4-2PbSO|,  or  the  less  complete  decomposition,  2KA1(S04).2 -F  3Pb(C2H502)2 
=  2Al(CoH50o)5-rKjS04H-3PbS04.  If  the  resultant  solution  of  aluminium  acetate  be 
evaporated  or  further  boiled,  the  acetic  acid  passes  off  and  the  hydrogel  of  alumina 
remams. 

As  the  salt  of  potassium  obtained  in  the  solution  passes  away  with  the  water  used 
for  washing,  and  the  salt  of  lead  precipitated  has  no  practical  use,  this  method  for  the 
preparation  of  aluminium  acetate  cannot  be  considered  economical ;  it  is  retained  in  the 
process  of  dyeing  mainly  because  both  the  salts  employed,  alum  and  sugar  of  lead,  easily 
crystallise,  and  it  is  easy  to  judge  of  their  degree  of  purity  in  this  form.  Indeed,  it  is 
very  important  to  employ  pure  reagents  in  dyeing,  because  if  impurity  is  present— such 
as  a  small  quantity  of  an  iron  compound — the  tint  of  the  dye  changes ;  thus  madder's  give 
a  red  colour  with  alumina,  but  if  oxide  of  iron  be  present  the  red  changes  into  a  violet 
tint.  The  aluminiiun  hydroxide  is  soluble  in  alkalis,  whilst  ferric  oxide  is  not.  There- 
fore sodium  alummate — that  is,  the  dissolved  compound  of  alumina  and  caustic  soda — 
obtained,  as  ah-eady  described,  from  bauxite,  is  sometimes  employed  in  dyeing.  Every 
aluminium  salt  gives  a  solution  containing  sodium  aliuninate  free  from  iron,  when  it  is 
mixed  with  excess  of  caustic  soda.  This  solution,  when  mixed  with  a  solution  of 
ammonium  chloride,  gives  a  precipitate  of  the  hydrogel  of  alumina  :  Al(OH)5-f8NaHO 
4-3NH4Cl  =  Al(OH)3-FSXaCl4-3NH40H.  There  was  originally  fi-ee  soda,  and  on  the 
addition  of  sal-anmioniac  there  is  free  ammonia,  and  this  does  not  dissolve  alumina, 
therefore  the  hydrogel  of  the  latter  is  precipitated. 

-^  Another  direct  method  for  the  preparation  of  pare  alnminimn  compounds  consists  in 
the  treatment  of  crijoUfc  containing  alimiinium  fluoride  together  with  sodium  fluoride, 
AlNajP,;.  This  mineral  is  exported  from  Greenland,  and  is  also  found  in  the  Urals.  It 
is  crushed  and  heated  in  reverberatory  fm-naces  with  lime,  and  the  resultant  mass  is 
treated  with  water  ;  sodium  aluminate  is  then  obtained  in  solution,  and  calcium  fluoride 
in  the  precipitate  AlXa^F^  +  3CaO  =  3CaF2  +  AlNasOj. 
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this   may    be   taken    ad^'antage  of  for  the  preparation  of  waterproof 
tissues. 

The  hydrosol  of  alumina — i.e.  the  soluble  aluminium  hydroxide — is 
more  difficult  to  obtain. ^''  In  order  to  obtain  this  soluble  variety  of 
alumina,  G  raham  took  a  solution  of  its  hydrogel  in  hydrochloric  acid — 
that  is,  a  solution  of  aluminium  chloride,  which  is  able  to  dissolve  a 
still  further  quantity  of  the  hydrogel  of  alumina,  forming  a  basic  salt 
having  probably  one  of  the  compositions  Al(HO)0l2  or  A1(H0)2C1. 
When  such  a  solution,  considerably  diluted  with  water,  is  subjected  to 
dialysis — that  is,  to  diffusion  through  a  membrane  ^■' — the  hydrochloric 
acid  diffuses  through  the  membrane  and  leaves  the  alumina  in  the 
form  of  hydrosol.  The  resultant  solution,  even  when  only  containing 
two  or  three  per  cent,  of  alumina,  passes  into  the  hydrogel  state  with 
such  facility  that  it  is  sufficient  to  transfer  it  from  one  vessel  to 
another  which  has  not  been  previously  washed  with  water,  for  the 
entire  mass  to  solidify  into  a  jelly.  But  a  solution  containing  not 
more  than  one-half  per  cent,  of  alumina  may  even  be  boiled  without 
coagulating  ;  however,  after  the  lapse  of  several  days  this  solution  will 
of  its  own  accord  yield  the  hydrogel  of  alumina.'^' bis 

-i  Cruni  first  prepared  a  solution  of  basic  acetate  of  alumina — that  is,  a  salt  containing 
as  large  as  possible  an  excess  of  aluminium  hydroxide  with  as  small  as  possible  a  quantity 
of  acetic  acid.  The  solution  must  be  dilute — that  is,  not  contain  more  than  one  part  of 
alumina  per  200  of  water — and  if  this  solution  be  heated  in  a  closed  vessel  (so  that  the 
acetic  acid  cannot  evaporate)  to  the  boiling  point  of  water,  for  one  and  a  half  to  two  days, 
then  the  solution,  which  apparently  remains  unaltered,  loses  its  original  astringent  taste, 
proper  to  solutions  of  all  the  salts  of  alumina,  and  has  instead  the  purely  acid  taste  of 
vinegar.  The  solution  then  no  longer  contains  the  salt,  but  acetic  acid  and  the  hydrosol 
of  alumina  in  an  uncombined  state ;  they  may  be  isolated  from  each  other  by  evaporat- 
ing the  acetic  acid  in  shallow  vessels  at  the  ordinary  temperature,  and  with  a  thin  layer 
of  liquid  the  alumina  does  not  separate  as  a  precipitate.  Wlien  the  acid  vapours  cease  to 
come  off  there  remains  a  solution  of  the  hydrosol  of  alumina,  which  is  tasteless  and  has 
no  action  on  litmus  paper.  When  concentrated,  this  solution  acquires  a  more  and  more 
gluey  consistency,  and  when  completely  evaporated  over  a  water-bath  it  leaves  a  non- 
crystalline glue-like  hydrate,  whose  composition  is  AljH40!;  =  Al205,2H20.  The  smallest 
quantity  of  alkalis,  and  of  many  acids  and  salts,  will  convert  the  hydrosol  into  the 
hydrogel  of  alumina — that  is,  convert  the  aluminium  hydroxide  from  a  soluble  into  an 
insoluble  form,  or,  as  it  is  said,  cause  the  hydrate  to  coagulate  or  gelatinise.  The  smallest 
amount  of  sulphuric  acid  and  its  salts  will  cause  the  alumina  to  gelatinise — that  is 
cause  the  hydrogel  to  separate.  Many  such  colloidal  solutions  are  known  (Vol.  I.  p.  98 
Note  57). 

^=  In  a  dialyser,  Vol.  I.  p.  63,  Note  18. 

25  bi8  xhe  different  states  in  which  the  hydrates  of  alumina  occur  and  are  prepared 
resemble  similar  varieties  of  the  hydrates  of  the  oxides  of  iron  and  chromium,  of  molybdic 
and  tungstic  acids,  as  well  as  of  phosphoric  and  silicic  acids,  of  many  sulphides,  proteid 
substances,  &c.  We  shall  therefore  have  occasion  to  recur  to  this  subject  in  the  further 
course  of  this  work. 

The  most  remarkable  peculiarity  of  Graham's  solution  is  that  it  solidifies  on  litmus 
paper,  and  leaves  a  blue  ring  on  it,  which  shows  the  alkaline — that  is,  basic — character 
of  the  alumina  in  such  a  solution.     If  in  the  dialysis  the  basic  hydrochloric  acid  salt 
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With  respect  to  alumina  as  a  base,  it  is  very  important  to  observe 
that  it  is  not  only  capable  of  combining  with  other  bases  ^^  but  that 
it  does  not  give  salts  with  feeble  volatile  acids  (like  carbonic  and 
hypochlorous)  ;  it  forms  salts  which  are  easily  decomposed,  by  water, 
especially  when  heated, ^^  as  well  as  double  and  basic  salts,^^  so  that  it 
forms  a  clear  example  of  a  feeble  base,'^^  To  these  characteristics  of 
alumma  we  must  add  that  it  not  only  gives  compounds  of  the  type 
AIX3,  but  also  the  polymeric  type  AlgX^,  even  when  X  is  a  simple 
univalent  haloid  like  chloi'ine.  Deville  and  Troost  showed  (1857) 
that  the  vapour  density  of  aluminium  chloride  (at  about  400°)  is  9-37 
with  respect  to  air — that  is,  nearly  135  with  respect  to  hydrogen,  and 
therefore  the  formula  of  its  molecule  is  expressed  by  AlaClg,  and 
not  AlClg,^^  although  in  the  case   of  boron,  arsenic,  and   antimony, 

be  replaced  by  a  similar  acetic  acid  salt,  u,  hydrosol  of  alumina  is  obtained  which  does 
not  act  upon  litmus. 

2*^  Compounds  of  alumina  with  bases  (aluminate>.,  see  Note  '21)  are  sometimes  met 
with  in  nature.  Such  are  spinel  {see  p.  65),  MgOjAL^Os  =  ilgAl.i04,  chrysoberyl, 
BeAl.jOi,  and  others.  Magnetic  oxide  of  iron,  FeO,Fe.>05  =  Fe504,  and  compounds  like 
it,  belong  to  the  same  class.  Here  we  evidently  have  a  case  of  combination  '  by  analogy,' 
as  in  solutions  and  alloys,  accompanied  by  the  formation  of  strictly  definite  saline  com- 
pounds, and  such  instances  form  a  clear  transition  from  so-called  solutions  and  certain 
mixtures  to  the  type  of  true  salts. 

-^  Not  only  aluminium  acetate  (Note  24),  but  also  every  other  aluminium  salt  with  a 
volatile  acid,  parts  with  its  acid  on  heating  an  aqueous  solution — that  is,  is  decomposed 
by  water,  and  forms  either  basic  salts  or  a  hydrate  of  alumina.  By  dissolving 
aluminium  hydroxide  in  nitric  acid  we  may  easily  obtain  a  well- crystallising  aluminium 
nitrate,  Al{N05)-,9HoO,  wliich  fuses  at  73°  without  decomposing  (Ordway),  gives  a 
basic  salt,  QAIoOsjGHNOs,  at  100°,  and  at  140°  leaves  the  aluminium  hydroxide  perfectly 
free  from  the  elements  of  nitric  acid.  But  the  solutions  of  this  salt,  like  those  of  the 
acetate,  are  also  able  to  yield  aluminium  hydroxide.  From  all  this  it  is  evident  that 
we  must  suppose  that  the  solutions  of  this  and  similar  salts  contain  an  equihbrated 
dissociated  system,  containing  the  salt,  the  acid,  and  the  base,  and  their  compounds  with 
water,  as  well  as  partly  the  molecules  of  water  itself.  Such  examples  much  more 
clearly  confirm  those  conceptions  of  solutions  which  are  given  in  the  first  chapter  than  a 
general  preliminary  acquaintance  with  the  subject  can  do. 

^s  As  an  example  of  native  basic  salts  we  may  cite  aZ«H;fc,  or  alum-stone  (sp.  gr  2'6), 
which  sometimes  occurs  in  crystals,  but  more  frequently  in  fibrous  masses.  It  has  been 
found  in  masses  in  the  Caucasus  (at  Zaglik,  forty  versts  distance  from  Elizabetpol),  and 
at  Tolfa,  near  Rome.  Its  composition  is  K.>O,3Al2O5,4SO-,0H2O  [alunite  contains  OH^O). 
It  is  soluble  in  water  but  not  decomposed  by  it,  but  after  being  slightly  ignited  it  gives 
up  alum  to  it.  It  may  be  artificially  prepared  by  heating  a  mixture  of  alum  with  alumi- 
niiim  sulphate  in  a  closed  tube  at  230°. 

^  As  the  colloidal  properties  are  particularly  sharply  developed  in  those  oxides 
(AI0O5,  SiOo,  M0O5,  SnOo,  &c.)  which  show  (like  water  also)  the  properties  of  feeble  bases 
and  feeble  acids,  there  is  probably  some  causal  reason  for  tliis  coincidence,  all  the  more 
so  since  among  organic  substances — gelatins,  albumins,  &c. — the  representatives  of  the 
colloids  also  have  the  property  of  feebly  combining  with  bases  and  acids. 

S"  Since  Deville's  experiments  the  question  of  the  density  of  aluminium  chloride  has 
been  frequently  re-investigated-  The  subject  has  more  especially  occupied  the  attention 
of  Nilson,  Pettersson,  Friedel  and  Crafts,  and  V.  Meyer  and  liis  collaborators.  In  general, 
it  has  been  found  that  at  low  temperatures  (up  to  440°)  the  density  is  constant,  and 
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which   give   oxides    R2O3   of    the   same    composition   as    ALOg,    the 

chlorine    compounds    form    non-poljmeric    molecules,    BCI3,    AsGlg, 

indicates  a  molecule  AlaClg^  whilst  depolymerisation  probably  f although  it  is  not  yet 
certain)  takes  place  at  higher  tempei'atures,  and  the  molecule  AlCl-  is  obtained.  Along 
with  this  there  has  been,  and  still  is,  a  difference  of  opinion  as  to  the  vapour  density  of 
aluminium  ethyl  and  methyl — whether  for  instance,  Al{CH3)s  oi-  AlofCH^)^  expresses  the 
molecule  of  the  latter.  The  interest  of  these  researches  is  intimately  connected  with  the 
question  of  the  valency  of  aluminium,  if  we  hold  to  the  opinion  that  elements  in  their 
various  compounds  have  u.  constant  and  strictly  definite  valency.  In  this  case  the 
formula  AICI5  or  A1(CH3),^  would  show  that  Al  is  trivalent,  and  that  consequently  the 
compounds  of  aluminium  are  A1{0H)5,  AIO5AI,  and,  in  general,  A1X-.  But  if  the  mole- 
cule be  AliCl(j,  it  is — for  the  followers  of  the  doctrine  of  the  invariable  valency  of  the 
elements — incomi^atible  with  the  idea  of  the  trivalency  of  aluminium,  and  they  assume 
it  to  be  quadrivalent  like  carbon,  likening  Al^Clc  to  ethane  C.jHc=CH-CH-,  although 
this  does  not  explain  why  Al  does  not  form  AICI4,  or,  in  general,  AIX4.  In  this  work 
another  supposition  is  introduced ;  according  to  this,  although  aluminium,  as  an  element 
of  group  III.,  gives  compounds  of  the  type  AIX5,  this  does  not  exclude  the  XDOssibility  of 
these  molecules  combining  with  others,  and  consequently  with  each  other — that  is, 
forming  AI2X6;  just  as  the  molecules  of  univalent  elements  exist  either  as  Ho,  Clo,  &c., 
or  as  Na,  and  the  molecules  of  bivalent  elements  either  as  Zn,  or  as  So,  or  even  Sq.  In 
the  first  place  it  must  be  recognised  that  the  limiting  form  does  not  exhaust  all  power  of 
combination,  it  only  exhausts  the  capacity  of  the  element  for  combining  with  X's,  but 
the  saturated  substance  may  afterwards  combine  with  whole  7iwlecides,  which  fact  is 
best  proved  by  the  capacity  of  substances  to  form  crystalline  compounds  with  water, 
ammonia,  &c.  But  in  some  substances  this  faculty  for  further  cojnbinations  is  less 
developed  (for  instance,  in  carbon  tetrachloride,  CCI4),  whilst  in  others  it  is  more  so. 
AIX,:;  combines  with  many  other  molecules.  Now  if  a  limiting  form,  which  does  not 
combine  with  new  X's,  nevertheless  combines  with  other  whole  molecules,  it  will 
naturally  in  some  instances  combine  with  itself,  will  polymerise.  In  this  manner  the 
mind  clearly  grasps  the  idea  that  the  same  forces  which  cause  8.7  to  unite  itself  to  CL, 
or  C2H4  to  CI2,  &c.,  also  tmite  molecules  of  a  similar  kind  together  ;  thus  polymerisation 
ceases  to  be  an  isolated  fragmentary  phenomenon,  and  chemical  combinations  '  by 
analogy '  acquire  a  particular  and  important  interest.  In  conformity  with  these  views 
the  following  proposition  may  be  made  concerning  the  compounds  of  aluminium.  They 
are  of  the  type  AIX5  in  the  limit,  like  BX5,  but  those  limiting  forms  are  still  able  to 
combine  to  form  AISsjRZ,  and  the  aluminium  chloride  is  a  compound  of  this  kind — i.e. 
(AlXg)^,  In  boron,  for  example,  in  BCI3,  this  tendency  to  form  further  compounds  is 
less  developed.  Hence  boron  chloride  appears  as  BCl;^,  and  not(BCl5).2.  Polymerisa- 
tion is  not  only  possible  when  a  substance  has  not  attained  the  limit  (although  it  is  more 
probable  then),  but  also  when  the  limiting  form  lias  been  reached,  if  only  the  latter  has 
the  faculty  of  combining  with  other  whole  molecules.  "VVe  may  therefore  conclude  that 
aluminium,  like  boron,  is  trivalent  in  the  same  sense  that  lithium  and  sodium  are 
univalent,  magnesium  bivalent,  and  carbon  tetravalent.  In  a  word,  there  is  no  reason 
to  consider  that  aluminium  is  capable  of  forming  compounds  AIX4,  and  in  that  way  to 
explain  the  existence  of  the  molecule  AlgClg-  Furthermore,  there  are  many  reasons  for 
thinking  that  AIF3,  AUOg,  and  other  empirical  formulae  do  not  express  the  molecular 
weights  of  these  compounds,  but  that  they  are  much  higher :  AlnF^,,,  Ai^nO^n-  In 
recent  years  convincing  proofs  of  the  truth  of  the  above  statements  have  been  obtained, 
and  of  the  independent  existence  of  AIX3  in  a  state  of  vapour  ;  for  Comb  has  deter- 
mined the  vapour  density  of  the  volatile  acetyl  of  aluminium  acetate  A1(05H70.,)5 
(which  melts  at  193°,  boils  at  315°,  and  distils  without  a  trace  of  decomposition),  and  has 
found  that  it  exactly  corresponds  to  the  above  molecular  composition.  On  the  other  hand 
Louise  and  Eoux  (1689)  by  employing  the  method  of  '  freezing  point  depression '  of 
solutions  (Chapter  I,,  Note  49)  found  that  the  molecules  ALlCaHs)^  and  Al2(C5Hii)g, 
&c.,  correspond  to  the  type  AloXg.  Thus  it  may  now  be  accepted  that  the  molecular 
composition  of  the  compounds  of  aluminium  in  their  simplest  form  is  AIX5,  but  that 
they  may  polymerise  and  give  AI^Xq  or,  in  general,  AI2X3,,. 
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SbClg."  This  duplication  (polymerisation)  of  the  form  AIX3  is  con- 
nected with  the  facility  with  which  the  salts  of  aluminium  combine 
with  other  salts  to  form  double  salts  and  with  aluminium  hydroxide 
itself  to  form  basic  salts. 

Aluminiiiiu  sidjihale,  Ah(>i(-h)3,  '.vhich  is  obtained  by  treating  clay 
or  the  hydrates  of  alumina  with  sulphuric  acid,  crystallises  in  the  cold 
with  27H.X),  or  at  the  ordinary  temperature  in  pearly  crystals,  which 
are  greasy  to  the  touch  and  contain  IGHjO.^'  Its  solutions  act  like  sul- 
phuric acid — for  instance,  they  evolve  hydrogen  with  zinc,  forming 
basic  salts,  which  are  sometimes  met  with  in  nature  {alumiiiite, 
A1.203,S03,9H.20,  alumiane,  Al203,2S03,  and  others),  and  may  be  ob- 
tained by  the  decomposition  of  normal  salts  and  by  the  direct  solution  of 
the  hydroxide  in  normal  salts  :  these  exhibit  a  varying  composition, 
(Al203)„(S03)„,(H20)g,  where  mjn  is  less  than  3.  Aluminium  sulphate 
is  now  prepared  (from  the  pure  hydrate  obtained  from  bauxite,  Note 
21)  in  large  quantities  for  dyeing  purposes  (instead  of  alums)  as  a 
mordant.  With  solutions  of  the  alkali  sulphates  (potassium,  sodium, 
ammonium,  rubidium,  and  csesium  sulphates),  the  normal  salt  easily 
forms  double  salts,  termed  alums — for  example,  the  ordinary  crystalline 
alum  contains  KA1(S04)2,12H.,0,  or  Iv2S04,Al2(S04)3,2J:H20.  In  the 
ammonium  alums  (which  leave  a  residue  of  alumina  when  ignited) 
the  potassium  is  replaced  by  ammonium  (NH4).  Alums  are  used 
in  large  quantities,  because  there  is  scarcely  any  other  salt  which 
crystallises  so  easily.  In  this  respect  the  alums  formed  by  potassium 
and  ammonium  are  equally  convenient  to  purify,  because  they  pre- 
sent a  considerable  difference  in  their  solubility  at  the  ordinary 
and  higher  temperatures.  If  the  crystallisation  be  conducted  rapidly, 
the  salt  separates  in  minute  crystals,  but  if  it  be  slowly  deposited, 
especially  in  large  masses,  as  in  factories,  then  crystals  several  centimetres 
long  are  sometimes  obtained.  At  a  higher  temperature  alums  are  very 
much  more  soluble,  and  crystallise  with  greater  difficulty,  and  are  there- 
fore less  easily  freed  from  impurities  ;  at  0°  100  parts  of  water  dissolve 
3  parts,  at  30°  22  parts,  at  70°  90  parts,  and  at  100°  357  parts  of 
potassium  alum.'^     The  solubility  of  ammonium  alum  is  slightly  less. 

^1  In  the  case  of  gallmm,  as  a  close  analogue  of  aluminium,  Lecoq  de  Boisbaudran 
(1880)  showed  that  probably  the  molecule  gallium  chloride  contains  GaoClg  at  low  tem- 
peratures and  high  pressures,  and  that  it  dissociates  into  GaClj  at  high  temperatures  aiid 
low  pressures.  The  molecule  of  indium  chloride  seems  to  exist  only  in  the  simplest  ionn, 
InClr,. 

5-  The  pure  salt  (l(iH.,0)  is  not  hygroscopic.  In  the  presence  of  impurities  the 
amount  of  water  increases  to  18H.,0,  and  the  salt  becomes  hygroscopic. 

55  The  common  form  of  crystals  of  alums  is  octahedral,  but  if  this  solution  contains  1 
certain  small  excess  of  alumina  above  the  ratio  2Al(0Hj)  to  KjSOj,  and  not  more  sulpluuic 
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The  specific  gravity  of  potassium  alum  is  1-74,  of  ammonium  alum 
1'63,  and  of  sodium  alum  1'60.  Alums  easily  part  with  their  water  of 
crystallisation  ;  thus  potash  alum  partially  effloresces  when  exposed  to 
the  air,  and  loses  9  mol.  H2O  under  the  receiver  of  an  air-pump.  At 
100°,  dry  air  passed  over  alums  takes  up  nearly  all  their  water.  As 
we  have  already  mentioned  (Chapter  XV.),  the  law  of  isoniorphous  sub- 
stitutions exhibits  itself  more  clearly  in  the  alums  than  in  any  other 
salts,  and  all  alums  not  only  contain  the  same  amount  of  water  of 
crystallisation,  MR(S04)2l2H20  (where  M  =  K,  NH4,  Na  ;  R  =  Al, 
Fe,  Cr),  and  appear  in  crystals  whose  planes  are  inclined  at  equal 
angles,  but  they  also  give  every  possible  kind  of  isomorphous  mixture. 
The  aluminium  in  them  is  easily  replaced  by  iron,  chromium,  indium 
and  sometimes  by  other  metals,  whilst  the  potassium  may  be  sub- 
stituted by  sodium,  rubidium,  ammonium,  and  thallium,  and  the 
sulphuric  acid  may  be  replaced  by  selenic  and  chromic  acids. 

Aluminium  chloride,  AI2CI1;,  is  obtained,  like  other  similar  chlorides, 
(forinstanceMgCl2)  either  directly  from  chlorine  and  the  metal,  or  by  heat- 
ing to  redness  an  intimate  mixture  of  the  amorphous  anhydrous  oxide  and 
charcoal  in  a  stream  of  dry  chlorine.''  *''"  The  resultant  sublimate  is  very 
volatile,^''  and  forms  a  crystalline,  easily  fusible  mass,  which  deliquesces 
in  the  air  and  easily  dissolves  in  water,  with  the  evolution  of  a  large 

acid  tlian  3H2SO4  to  2A1(0H)5,  then  it  easily  forms  combinations  of  the  cube  and  octa- 
hedron, and  these  alums  are  called  '  cubic  '  alums.  They  are  valued  by  the  dyer  because 
they  can  contain  no  iron  in  solution,  for  oxide  of  iron  is  precipitated  before  alumina,  and 
if  the  latter  be  in  excess  there  can  be  no  oxide  of  iron  present.  These  alums  were  long 
exported  from  Italy,  where  they  were  prepared  from  alunite  (Note  28). 

S3  bis  It  ig  also  formed  by  the  action  of  hydrochloric  acid  upon  metallic  aluminium 
(Nilson  and  Pettersson),  by  heating  alumina  in  a  mixture  of  the  vapours  of  naphthaline 
and  HCl  (Faure,  1889J,  and  by  the  action  of  dry  HCl  upon  an  alloy  of  14  p.c,  or  more 
of  Al  and  copper  (Mobei-y). 

^*  Aluminium  chloride  fuses  at  178°,  boils  at  183°  (pressure  755  mm.,  at  168°  under  a 
pressure  of  250  mm.,  and  at  218°  under  2,278  mm.),  according  to  Friedel  and  Crafts,  so 
that  it  boils  immediately  after  fusion.  According  to  Seuberfc  and  Pallard  (1892),  Al.^Clg 
fuses  at  193°.  Aluminium  bromide  fuses  at  about  92°,  and  the  iodide  at  185°  according  to 
Weber,  at  125°  according  to  Deville  and  Troost. 

All  these  halogen  compomids  of  aluminium  are  soluble  in  water.  Aluminiuvi 
flucyride,  AIF5  (AUFs,,),  is  insoluble  in  water.  It  is  obtained  by  dissolving  alumina  in 
hydrofluoric  acid ;  a  solution  is  then  formed,  but  it  contains  an  excess  of  hydrofluoric 
acid.  When  this  solution  is  evaporated,  crystals  containing  Al2F6,IIF,H20  are  obtained. 
They  are  also  insoluble  in  water.  By  saturating  the  above  solution  with  a  large  quantity 
of  alumina,  and  then  evaporating,  we  obtain  crystals  having  the  composition  Al2F6,7H.jO . 
All  these  compounds,  when  ignited,  leave  insoluble  anhydrous  aluminium  fluoride.  It 
forms  colourless  rhombohedra,  which  are  non-volatile,  of  sp.  gr.  3'1,  and  are  decomposed 
by  steam  into  alumina  and  hydrofluoric  acid.  The  acid  solution  apparently  contains  a 
compound  which  has  its  corresponding  salts ;  by  the  addition  of  a  solution  of  potassium 
fluoride,  a  gelatinous  precipitate  of  AlKsFg  is  obtained.  A  similar  compound  occurs  in 
nature — namely,  AlNajF^,  or  cryolite,  sp.  gr.  3'0. 

G  2 
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amount  of  heat.^'  **^*  On  evaporating  this  solution,  hydrochloric  acid 
and  aluminium  hydroxide  are  liberated.  But  if  the  solution  be 
heated  in  a  closed  tube,  with  an  excess  of  hydrochloric  acid,  then,  on 
cooling,  crystals  of  AlCl3,6HoO  are  obtained — that  is,  aluminium 
chloride  both  combines  with  water  and  is  decomposed  by  it.  And  the 
faculty  of  the  type  AIX3  for  combining  with  other  molecules  is  seen  in 
the  compounds  of  AICI3  with  many  other  chlorine  compounds.  Thus, 
for  example,  a  mixture  of  aluminium  chloride  with  sulphur  tetrachloride 
gives  Al2Cl6,SCl4,  under  the  action  of  chlorine,  whilst  with  phosphorus 
pentachloride  it  forms  AlCLjyPCl^  ;  it  also  combines  with  NOCl.  Thus, 
the  compounds  A1C13,N0C1,  AlCl3,POCl3,  AlCl3,:WH3,  A1C13,KC1, 
AlCl3,!N"aCl  are  known,^'^  The  compound  of  aluminium  and  sodium 
chlorides,  AlNaCl^,  is  very  fusible  and  much  more  stable  in  the  air 
than  aluminium  chloride  itself.  It  seems  to  be  of  the  same  type  as 
the  alums.  This  compound,  Al!N'aCl4,  is  employed  in  the  extraction 
of   metallic  aluminium,  as   we   shall   presently   proceed    to   describe. 

54  bis  Iji  tiijg  respect  aluminium  cliloride  resembles  the  clilor- anhydrides  of  the  acids, 
and  probably  in  tlie  aqueous  solution  the  elements  of  the  hydrochloric  acid  are  already 
separated,  at  least  partially,  from  the  aluminium  hydroxide.  The  solution  may  also  be 
obtained  by  the  action  of  aluminium  hydroxide  on  hydrochloric  acid. 

^^  Here  we  see  an  instance  in  confirmation  of  what  has  been  said  in  Note  30 — i.e.  the 
action  of  the  molecule  AlCl-,.  We  will  cite  stUl  another  instance  confirming  the  power 
of  alumina  to  enter  into  complex  combinations.  Alumina,  moistened  with  a  solution  of 
■calcium  chloride,  gives,  when  ignited,  an  anhydrous  crystalline  substance  (tetrahedi-al), 
which  is  soluble  in  acids,  and  contains  {A1.205)g{CaO)ioCaCl.i.  Even  clay  forms  a  similar 
stony  substance,  which  might  be  of  practical  use- 

Among  the  most  complex  compounds  of  aluminium,  ultramarine^  or  lapis  lazuli, 
must  be  mentioned.  It  occurs  in  nature  near  Lake  Baikal,  in  crystals,  some  colourless 
and  others  of  various  tints — green,  blue,  and  violet.  When  heated  it  becomes  dull  and 
acquires  a  very  brilliant  blue  colour.  In  this  form  it  is  used  for  ornaments  (like  mala- 
chite), and  as  a  brilliant  blue  pigment.  At  the  present  time  ultramarine  is  prepared 
artificially  in  large  quantities,  and  this  process  is  one  of  the  most  important  conquests 
of  science;  for  the  blue  tint  of  laltramarine  has  been  the  object  of  many  scientific 
researches,  which  have  culminated  in  the  manufacture  of  this  native  substance.  The 
most  characteristic  property  of  ultramarine  is  that  when  placed  in  sulphuric  acid  it 
evolves  hydrogen  sulphide  and  becomes  colourless.  This  shows  that  the  blue  colour  of 
ultramarine  is  due  to  the  presence  of  sulphides.  If  clay  be  heated  in  a  furnace  with 
sodium  sulphate  and  charcoal  (forming  sodium  sulphide)  without  access  of  air,  a  white 
mass  is  obtained,  which  becomes  green  when  heated  in  the  air,  and  when  treated  with 
water  leaves  a  colourless  substance  known  as  'white  ultramarine.'  Wlien  ignited  in  the 
air  it  absorbs  oxygen  and  tui'us  blue.  The  coloration  is  ascribed  to  the  presence  of 
metallic  sulphides  or  poly  sulphides,  but  it  is  most  probable  that  silicon  sulphide,  or  its 
oxysulphide,  SiOS,  is  present.  At  all  events  the  sulphides  play  an  important  part,  but 
the  problem  is  not  yet  quite  settled.  The  formula  Na8Al6Si60.24S  is  ascribed  to  white 
iiltramarine.  The  green  probably  contains  more  sulphur,  and  the  blue  a  still  larger 
quantity.  The  last  is  supposed  to  contain  NasAleSi6024S5.  It  is  more  probable 
(according  to  Guckelberger,  1882)  that  the  composition  of  the  blue  varies  between 
SiigAliaNosciSeO?!  and  SiisAli-iNa-^oSeOgg.  The  latter  may  be  expressed  as 
(Al.i05)6(Si02)i8(Na20)ioS605,  which  would  indicate  the  presence  of  insufficiently- 
oxidised  sulphur  in  ultramarine. 
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Aluminium  bromide,  which  is  obtained  by  the  direct  combination  of 
metallic  aluminium  with  bromine,  closely  resembles  the  chloride  ;  it 
melts  at  90°,  volatilises  at  270°,  and  its  vapour  density  indicates  the 
formula  A.l2Br5.  Aluminium  iodide  is  obtained  by  heating  iodine  with 
finely  divided  aluminium  in  a  closed  tube  ;  it  is  so  easily  decomposed 
by  oxygen  that  its  vapour  even  explodes  when  mixed  with  it.^*^ 

Mvtidhic  Aluminium  was  first  prepared  by  Wohler  in  1822  as 
a  grey  powder  by  the  action  of  potassium  on  aluminium  chloride. 
He  afterwards  (in  1845)  obtained  it  as  a  white  compact  metal, 
unoxidisable  in  the  air,  and  only  slowly  attacked  by  acids.  Owing 
to  the  vast  and  wide  occurrence  of  clay,  many  efforts  have  been  made 
in  investigating  in  detail  the  methods  for  the  extraction  of  this  metal. 
These  efforts  were  brought  to  a  successful  issue  (1854)  by  Sainte-Claire 
Deville,  who  is  also  renowned  for  his  doctrine  of  dissociation.  Experi- 
ments on  a  large  scale  have  proved  that  metallic  aluminium,  although 
possessed  of  great  lightness,  strength,  and  durability,  is  not  so  generally 
suitable  for  technical  purposes  as  was  at  first  thought.  Nitric  and  many 
other  acids,  indeed,  do  not  act  on  it,  but  the  alkalis,  alkaline  substances, 
and  even  salts — for  instance,  moist  table  salt — humidity,  &c.,^'^  ^^^  tarnish 
it,  and  hence  objects  made  of  aluminium  suffer  at  the  surfaces,  alter, 
and  cannot,  as  was  hoped,  replace  the  precious  metals,  from  which  it 
differs  in  its  extreme  lightness.  But  the  alloys  made  with  aluminium 
(especially  with  copper,  for  example  aluminium  bronze)  are  very 
valuable  in  their  properties  and  applications. 

The  Deville  method  for  the  preparation  of  metallic   aluminium  is 

^'^  At  the  ordinary  temperature  aluminium  does  not  decompose  water,  but  if  a  small 
quantity  of  iodine,  or  of  hydriodic  acid  and  iodine,  or  of  aluminium  iodide  and  iodine,  is 
added  to  the  water,  then  hydrogen  is  abundantly  evolved.  It  is  evident  that  here  the 
reaction  proceeds  at  the  expense  of  the  formation  of  Alglg,  and  that  this  substance,  with 
water,  gives  aluminium  hydroxide  and  hydriodic  acid,  which,  with  aluminium,  evolves 
hydrogen.  Aluminium  probably  belongs  to  those  metals  having  a  greater  affinity  for 
oxygen  than  for  the  halogens  (Note  36  tri). 

5ii  bis  ^g  ^^  example  we  may  mention  that  if  mercury  comes  in  contact  with  metallic 
aluminium  and  especially  if  it  be  rubbed  upon  the  surface  of  aluminium  moistened  with 
a  dilute  acid,  the  Al  becomes  rapidly  oxidised  (Al20g  being  formed).  The  oxidation  is 
accompanied  by  a  very  curious  appearance,  as  it  were  of  wool  (or  fur)  formed  by  tlrreads 
of  oxide  of  aluminium  growing  upon  the  metal.  This  was  first  pointed  out  by  Cass  in 
1870,  and  subsequently  by  A.  Sokoleff  in  1892.  This  interesting  and  curious  pheno- 
menon has  not  to  my  knowledge  been  further  studied. 

I  think  it  necessary,  however,  to  add  that  according  to  Lubbert  and  Eascher's 
researches  (1891),  wine,  coffee,  milk,  oil,  urine,  earth,  &c.,  have  no  more  action  upon  alu- 
minium vessels  than  upon  copper,  tin,  and  other  similar  articles.  In  the  course  of  four 
months  ordinary  vinegar  dissolved  0"35  grm.  of  Al  per  sq.  centimetre,  whilst  a  5  per  cent, 
solution  of  common  salt  dissolved  about  0'05  grm.  of  aluminium.  Ditte  (1890) 
showed  that  Al  is  acted  upon  by  nitric  and  sulphuric  acids,  although  only  slowly  (owing  to 
the  formation  of  a  layer  of  gas,  as  in  Cha^jter  XVI.,  Note  10)  and  that  the  reaction  pro- 
ceeds much  more  rapidly  in  vacuo  or  in  the  presence  of  oxidising  agents.  Al  is  even 
oxidised  by  water  on  the   surface,  but  the  thin  coating  of  alumina  formed  prevents 
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based  on  the  decomposition  of  the  above-mentioned  compound  of 
sodium  and  aluminium  chlorides  by  metallic  sodium.  The  compound 
is  obtained  by  passing  the  vapour  of  aluminium  chloride  (evolved  from 
a  mixture  of  alumina,  extracted  from  bauxite  or  cryolite,  with 
charcoal  ignited  in  a  stream  of  chlorine)  over  red-hot  salt,  when  the 
compound  AlNaCl^  is  itself  volatilised,  and  may  in  this  manner  be 
obtained  pure.  A  mixture  of  this  compound  with  salt  and  fluor  spar, 
or  with  cryolite,  is  heated  with  a  certain  excess  of  sodium,  cut  into 
small  lumps.  On  a  large  scale  this  operation  is  carried  on  in  special 
furnaces  with  a  small  access  of  air  and  at  a  high  temperature.  The  de- 
composition takes  place  chiefly  according  to  the  equation  NaAlCl4  -f  3Na 
=  4NaCl  +  Al.  Neither  charcoal  nor  zinc  will  reduce  the  oxygen 
compounds  of  aluminium  ;  even  sodium  and  potassium  do  not  act  on 
alumina.  Moreover,  metallic  aluminium,  like  magnesium,  is  able  to 
reduce  even  the  metals  of  the  alkalis  from  their  oxygen  compounds. 
This  is  connected  with  the  fact  that  the  atom  of  oxygen  evolves 
more  heat  in  combining  with  Al  (and  Mg)  than  it  does  in  combining  with 
other  metals  •  whilst  on  the  other  hand,  chlorine  (and  the  other  halo- 
gens) evolve  more  heat  in  combining  with  the  metals  of  the  alkalis.-'*'''''' 
Since  the  close  of  the  eighties  the  metallurgy  of  aluminium  has 
taken  a  new  direction,  based  upon  the  action  of  an  electric  current 
upon  cryolite  at  a  high  temperature,'^  and  the  solution  of  oxide  of 
aluminium  (obtained  from  bauxite  or  in  the  form  of  corundum)  in 
it ;  under  these  conditions  metallic  aluminium  is  reduced  at  the 
negative  pole  (cathode)  in  a  sufficiently  pure  state,  and  if  the  cathode 
be  copper,  forms  alloys  with  it.  Such  are  Hall's  and  Cowle's  (both  in 
the  United  States)  and  the  Neuhausen  process  (where  the  current  is 
obtained  from  a  dynamo  worked  by  the  Falls  of  the  Rhine  at  SchaflF- 

furtlier  action.  In  the  course  of  twelve  hours  nitric  acid  sji.  gr.  1'383  dissolved  at  l7° 
about  20  grms.  of  aluminium  (containing  only  a  small  amount  of  Wi,  1~^  p.c.)  from  a  sq. 
metre  of  surface  (Le  Eouart,  1891). 

.-II  tri  In  addition  to  the  data  given  in  Chapters  XI.,  XIII.,  and  in  Chapter  XV.,  Note  IS, 
the  following  are  the  amounts  of  heat  in  thousands  of  rmits,  evolved  in  the  formation  of 
the  oxides  and  clilorides  from  the  metals  taken  in  gram-atomic  quantities  : 

Xa,.0  100  ;  MgO  140* ;  i  AljOj  120*  ;  ^  Fe.jO;  63*  ; 
NaoCl.,  195  ;  MgCl,,  151  ;  J  AlXlg  107  ;  J  Fe.jCle  04. 

The  asterisks  following  the  oxides  of  Mg,  Al  and  Fe  call  attention  to  the  fact  that  the 
existing  data  refer  to  the  formation  of  the  hydrates  of  these  metals,  from  which  the  heat 
of  formation  of  the  anliydrous  oxides  may  easily  be  assumed,  because  the  heat  of 
hydration  (for  example,  MgO  -1-  HqO)  has  not  yet  been  determined. 

■"'  Cryolite  under  the  action  of  the  current  at  about  1,000°  gives  oft  the  vapour  of  Na 
which  reduces  the  Al,  but  it  reeombineswith  the  liberated  fluorine  and  again  passes  into 
the  fused  mass.  It  is  important  to  obtain  aluminium  at  as  low  a  temperature  as  possible, 
but  the  action  proceeds  far  more  easily  with  the  solution  (alloy)  of  oxide  of  aluminium  in 
cryolite. 
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hausen).  As  an  example,  we  will  describe  (in  the  words  of  Prof.  D.  P. 
Konovalloff,  who  became  acquainted  with  this  process  at  the  Chicago 
Exhibition),  Hall's  process  as  applied  near  Pittsburg,  where  it  gives 
about  1,500  kilos  of  Al  a  day.  An  iron  box  (about  1  metre  long  and 
^  metre  wide),  provided  with  a  well  rammed  down  charcoal  lining,  is 
charged  with  a  mixture  of  cryolite  and  AI2O3  (from  bauxite),  over 
which  salt  is  strewn,  and  a  current  of  5,000  amperes  at  20  volts  is 
passed  through  the  mixture.  The  anode  is  composed  of  a  cai'bon  cylinder 
(about  9  cm.  in  diameter),  while  the  charcoal  lining  forms  the  cathode. 
When  the  temperature  inside  the  box  is  raised  to  a  red  heat  by  the 
current,  the  mixture  fuses  and  the  AI.2O3  begins  to  decompose.  The 
Al  liberated  collects  at  the  bottom  of  the  box,  whilst  the  oxygen 
evolved  burns  the  charcoal  anode.  When  the  decomposition  is  at 
an  end,  and  the  resistance  of  the  mass  increases,  a  fresh  quantity  of 
AI2O3  is  added,  and  this  is  continued  until  the  amount  of  impurities 
accumulated  in  the  furnace  and  passing  into  the  metal  becomes  too 
great. ^^  ''^^ 

Aluminium  has  a  white  colour  resembling  that  of  tin — that  is,  it  is 
greyer  than  silver  and  has  the  feebly  dull  lustre  of  tin,  but  compared  to 
tin  and  pure  silver,  aluminium  is  very  hard.  Its  density  is  2'67 — that 
is,  it  is  nearly  four  times  lighter  than  silver  and  three  times  lighter 
than  copper.  It  melts  at  an  incipient  red  heat  (600°),  and  in  so  doing 
is  but  slightly  oxidised .  At  the  ordinary  temperature  it  does  not  alter 
in  the  air,  and  in  a  compact  mass  it  burns  with  great  difficulty  at  a 
white  heat,  but  in  thin  sheets,  into  which  it  may  be  rolled,  or  as  a  very 
fine  wire,  it  burns  with  a  brilliant  white  light,  since  it  forms  an  in- 
fusible and  non-volatile  oxide.  Aluminium  itself  is  non-volatile  at  a 
furnace  heat.  These  properties  render  Al  a  very  good  reducing  agent, 
and  N.  N.  BeketofF  showed  that  it  reduces  the  oxides  of  the  alkali 
metals  (Chapter  XIII.,  Note  *^  ^'"^).  Dilute  sulphuric  acid  has  scarcely 
any  action  on  it,  but  the  strong  acid  dissolves  it,  especially  with  the  aid 
of  heat.  Nitric  acid,  dilute  or  strong,  has  no  action  whatever  on  it.  On 
the  other  hand,  hydrochloric  acid  dissolves  aluminium  with  great  ease, 

57  bis  Ti^g  gQg^  Qf  working  this  process  can  be  brought  as  low  as  20  cents  per  lb.  or 
about  2^  fcs.  per  kilo.  In  England,  Castner,  prior  to  the  introduction  of  the  electric 
method,  obtained  Al  by  taking  a  mixture  of  1,200  parts  of  the  double  salt  NaAlClj,  600 
piirts  of  cryolite,  and  350  parts  of  Na,  and  obtained  about  120  parts  of  Al,  so  that  the  cost 
of  this  process  is  about  1^  time  that  of  the  electric  method. 

Buchner  found  that  sulphide  of  aluminium,  AUS5,  is  more  suitable  for  the  pre]3aration 
of  Al  by  the  electrolytic  method  than  Al^Oj,  but  since  the  formation  of  AI2S5  by  heating 
a  mixture  of  AI.1O5  and  charcoal  in  sulphur  vapour  proceeds  with  difficulty,  Gray  (1894) 
proposed  to  prepare  Al.iS^  by  heating  a  mixture  of  charcoal,  sulphate  of  aluminium,  and 
sodium  fluoride.  The  resultant  molten  mixture  of  NaF  and  AloSg  gives  aluminium 
directly  under  the  action  of  an  electric  current. 
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as  do  also  solutions  of  caustic  soda  and  potash.  In  the  latter  cases 
hydrogen  is  evolved.-'* 

Aluminium  forms  alloys  with  different  metals  with  great  ease. 
Among  them  the  copper  alloy  is  of  practical  use.  It  is  called 
ahiDtinium  bromi'.  This  alloy  is  prepared  by  dissolving  11  p,c. 
by  weight  of  metallic  aluminium  in  molten  copper  at  a  white 
heat.  The  formation  of  the  alloy  is  accompanied  by  the  development 
of  a  considerable  quantity  of  heat,  so  that  it  glows  to  a  bright  white 
heat.  This  alloy,  which  corresponds  with  the  formula  AICU3,  presents 
an  exceedingly  homogeneous  mass,  especially  if  perfectly  pure 
copper  be  taken.  It  is  distinguished  for  its  capacity  to  fill  up  the 
most  minute  impressions  of  the  mould  into  which  it  may  be  cast, 
and  by  its  extraordinary  elasticity  and  toughness,  so  that  objects  cast 
from  it  may  be  hammered,  drawn,  etc.,  and  at  the  same  time  it  is  fine- 
grained and  exceedingly  hard,  takes  an  excellent  polish,  and,  what  is 
mosc  important,  its  surface  then  remains  almost  unchangeable  in  the 
air,  and  has  a  colour  and  lustre  which  may  be  compared  to  that  of  gold 
alloys.  Hence  aluminium  bronze  is  much  used  in  the  arts  for  making 
spoons,  watches,  ^essels,  forks,  knives,  and  for  ornaments,  &c.  No 
less  important  is  the  fact  that  the  admixture  of  one-thousandth  part 
of  aluminium  with  steel  renders  its  castings  homogeneous  (free  from 
cavities)  to  an  extent  that  could  not  be  arri\  ed  at  by  other  means,  nor 
does  the  quality  of  the  steel  in  any  respect  deteriorate  by  this  admix- 
ture, but  rather  is  it  improved.  In  a  pure  state,  aluminium  is  only 
employed  for  such  objects  as  require  the  hardness  of  metals  with 
comparative  lightness,  such  as  telescopes  and  various  physical  appa- 
ratus and  small  articles. 

According  to  the  periodic  system  of  the  elements,  the  analogues  of 
magnesium  are  zinc,  cadmium,  and  mercury  in  the  second  group.  So 
also  in  the  third  group,  to  which  aluminium  belongs,  we  find  its  corre- 
sponding analogues  goUium,  indium,  and  thallium.     They  are  all  three 

^^  Aluminium,  when  heated  to  the  high  temperature  of  the  electric  furnace,  dissolves 
carbon  and  forms  an  alloy  which,  according  to  Moissan,  when  rapidly  treated  with  cold 
hydrocliloric  acid  leaver  a  compound  C5AI4  in  the  form  of  a  yellow  crystalline  trans- 
parent powder,  sp.  gr.  2-86  (see  Chapter  VIII.  Note  12  bis).  Tlris  carbide  of  aluminium 
C-Ali  corresponds  to  methane  CH.],  for  Al  replaces  H5  and  carbon  Oj  or  H4,  that  is,  it  is 
equal  to  three  molecules  of  CH.^  with  the  substitution  of  twelve  atoms  of  H  in 
it  by  four  of  Al,  or,  what  is  the  same  thing,  it  is  the  duplicated  molecule  of  AI2O5  with 
the  substitution  of  Og  by  C,-.  And  indeed  C5AI4  under  the  action  of  water  forms  marsh 
gas  and  hydrate  of  alumina:  C3Al4-t-12H20  =  3CH4-l-4Al(OH)5.  This  decomposition 
gives  a  new  aspect  of  the  synthesis  of  hydro-carbons,  and  quite  agrees  with  what  should 
follow  from  the  action  of  water  upon  the  metallic  carbides  as  applied  by  me  for  explaining 
the  origin  of  naphtha  (Chapter  VIII.,  Notes  57,  5M,  and  69).  Frank  (ISOfi)  by  heating  il 
with  carbon  obtained  a  similar  although  not  quite  pure  compound,  which  (like  CaC2) 
evolves  acetylene  with  hydrochloric  acid   i.e.  probably  has  the  composition  AlC-,. 
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so  rarely  and  sparingly  met  with  in  nature  that  they  could  only  be 
discovered  by  means  of  the  spectroscope.  This  fact  shows  that  they 
are  partially  volatile,  as  should  be  the  case  according  to  the  property 
of  their  nearest  neighbours,  the  very  volatile  zinc,  cadmium  and  mer- 
cury. As  with  them,  in  gallium,  indium,  and  thallium  the  density  of 
the  metal,  decomposability  of  compounds,  &c.,  rises  with  the  atomic 
weight.  But  here  we  find  a  peculiarity  which  does  not  exist  in  the 
second  group.  In  the  latter,  the  fusibility  increases  with  the  atomic 
weight  of  magnesium,  zinc,  cadmium,  and  mercury  ;  indeed,  the 
heaviest  metal — mercury — is  a  liquid.  In  the  third  group  it  is  not  so. 
In  order  to  understand  this  it  is  sufficient  to  turn  our  attention  to 
the  elements  of  the  further  groups  of  the  uneven  series — for  instance, 
to  group  v.,  containing  phosphorus,  arsenic,  and  antimony,  or  to 
group  VI.,  with  sulphur,  selenium,  and  tellurium,  and  also  to 
group  VII.,  where  chlorine,  bromine  and  iodine  are  situated.  In 
all  these  instances  the  fusibility  decreases  with  a  rise  of  atomic 
weight ;  the  members  of  the  higher  series,  the  elements  of  a  high 
atomic  weight,  fuse  with  greater  difiiculty  than  the  lighter  elements. 
The  representatives  of  the  uneven  series  of  group  III.,  aluminium, 
gallium,  indium,  thallium,  forming,  as  they  do,  a  transition,  all  show 
an  intermediate  behaviour.  Here  the  most  fusible  of  all  is  the  medium 
metal  gallium, ^''''s  which  fuses  at  the  heat  of  the  hand  ;  whilst  indium, 
thallium,  and  aluminium  fuse  at  much  higher  temperatures. 

Zinc  (group  II.),  which  has  an  atomic  weight  65,  should  be  followed 
in  group  III.  by  an  element  with  an  atomic  weight  of  about  69.  It 
will  be  in  the  same  group  as  Al  and  should  consequently  give  B2O3, 
ECI3,  £2(80^)3,  alums  and  similar  compounds  analogous  to  those  of 
aluminium.  Its  oxide  should  be  more  easily  reducible  to  metal  than 
alumina,  just  as  zinc  oxide  is  more  easily  reduced  than  magnesia.  The 
oxide  R2O3  should,  like  alumina,  have  feeble  but  clearly  expressed 
basic  properties.  The  metal  reduced  from  its  compounds  should  have  a 
greater  atomic  volume  than  zinc,  because  in  the  fifth  series,  proceeding 
from  zinc  to  bromine,  the  volume  increases.  And  as  the  volume  of 
zinc  =  9-2,  and  of  arsenic  =  18,  that  of  our  metal  should  be 
near  to  12.  This  is  also  evident  from  the  fact  that  the  volume  of 
aluminium  =11,  and  of  indium  =  14,  and  our  metal  is  situated  in 
group  III.,  between   aluminium   and   indium.     If  its  volume  =  11-5 

38  bis  Tjig  same  is  the  case  in  group  IV.  of  the  uneven  series,  where  tin  is  the  most 
fusible.  Thus  the  temperature  of  fusion  rises  on  both  sides  of  tin  (siUcon  is  very 
infusible ;  germanium,  900° ;  tin,  230°  ;  lead,  326°) ;  as  it  also  does  in  gi-oup  III.,  starting 
from  gallium,  for  indium  fuses  at  176°,  less  easily  than  gallium  but  more  easily  than 
thallium  (294°).     Aluminium  also  fuses  with  greater  difficulty  than  gallium. 
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and  its  atomic  weight  be  about  69,  then  its  density  will  be  nearly  5-9. 
The  fact  that  zinc  is  more  volatile  than  magnesium  gives  reason  for 
thinking  that  the  metal  in  question  will  be  more  volatile  than 
aluminium,  and  therefore  for  expecting  its  discovery  by  the  aid  of 
the  spectroscope,  ttc. 

These    pro'perties  were  indicated  by  me  for  the  analogue  of   alu- 
minium in  1871,  and  I  named  it  (sef  Chapter  XV.)  eka-aluminium. 
In  187-"),  Lecoq  de  Boisbaudran,  who  had  done  much  work  in  spectrum 
analysis,  discovered  a  new  metal  in  a  zinc  blende  from  the  Pyrenees 
(Pierrefitte).       He    recognised   its    individuality    and  diflference  from 
zinc,  cadmium,  indium,  and  the  other  companions  of  zinc  by  means  of 
the  spectroscope  ;  but  he  only  obtained  some  fractions  of  a  centigram 
of  it  in  a  free  state.     Consequeaitly  only  a  few  of  its  reactions  were 
determined,  as,  for  instance,  that  barium  carbonate  precipitates  the  new 
oxide  from  its  salts  (alumina,  as  is  known,  is  also  precipitated).     Lecoq 
de  Boisbaudran  named  the  newly  discovered  metal  (/alUum.     As  one 
would  expect  the  same  properties  for  eka-aluminium  as  were  observed 
in  gallium,  I  pointed  out  this  fact  at  the  time  in  the  Memoirs  of  the 
Paris  Academy  of  Sciences.     All  the  subsequent  observations  of  Lecoq 
de  Boisbaudran  confirmed  the  identity  between  the  properties  of  gallium 
and  those  indicated  for  eka-aluminium.     Immediately  after  this  the 
ammonium  alum  of  gallium  was  obtained,  but  the  most  convincing  proof 
of   all  was  found  in  the  fact    that    the    density  of  gallium  although 
first  apparently  different  (4'7)  from  that  indicated  above,  afterwards, 
when  the  metal  was  carefully  purified  from  sodium  (which  was  first 
used  as  a  reducing  agent),  proved  to  be  just  that  (5-9)  which  would 
have   been    looked   for    in    the    analogue    of    aluminium  ;    and,  what 
was  very  important,  the  equivalent  (23'3)  and  atomic  weight  (69'8) 
determined    by   the    specific  heat  (0'08)    were    shown  by  experiment 
to    be    such    as    would    be    expected.      These    facts    confirmed    the 
universality  and  applicability  of  the  periodic  system  of  the  elements. 
It  must  be  remarked  that  previous  to  it  there  was  no  means  of  either 
foretelling    the    properties    or   even    the    existence    of    undiscovered 
elements.'^ 

Much  more  light  has  been  thrown  on  that  element  of  the  aluminium 

^^  The  spectrum  of  gallium  is  characterised  by  a  brilliant  violet  line  of  wave-length 
^  417  millionths  of  a  millimetre.  The  metal  can  be  separated  from  the  solution,  con- 
taining a  mixture  of  the  many  metals  occurring  in  the  zinc  blende,  by  making  use  of  the 
following  reactions  :  it  is  precipitated  by  sodium  carbonate  in  the  first  portions;  it  gives 
a  sulphate  wliich,  on  boiling,  easily  decomposes  into  a  basic  salt,  very  slightly  soluble 
in  water ;  and  it  is  deposited  in  a  metallic  state  from  its  solutions  by  the  action  of  a 
galvanic  current.  It  fuses  at  +  30°,  and,  when  once  fused,  remains  liquid  for  some 
time.  It  oxidises  with  difficulty,  evolves  hydrogen  fi-om  hydrochloric  acid  and  from 
potassimn  hydroxide,  and,  like  all  feeble  bases  (for  instance,  alumina  and  indium  oxide), 
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group  which  follows  after  cadmium  (its  position  in  the  periodic  system 
is  III.,  7,  that  is,  it  is  in  group  III.  in  the  7th  series).  This  is 
indium,  In,  which  also  occurs  in  small  quantities  in  certain  zinc  ores. 
It  was  discovered  (1863)  by  Reich  and  Eichter  (and  more  fully  investi- 
gated by  Winkler)  in  the  Freiberg  zinc  ores,  and  was  named  indium 
from  the  fact  that  it  gives  to  the  flame  of  a  gas-burner  a  blue  colora- 
tion, owing  to  the  indigo  blue  spectral  lines  proper  to  it.  The  equi- 
valent (see  Chapter  XV.,  Note  15),  specific  heat,  and  other  properties 
of  the  metal  confirm  the  atomic  weight  In  :=  113.''" 

Inasmuch  as  we  found  among  the  analogues  of  magnesium  in 
group  II.  a  metal,  mercury,  heavier  and  more  easily  reduced  than 
the  rest,  and  giving  two  grades  of  oxidation,  so  we  should  expect  to 
find  a  metal  among  the  analogues  of  aluminium  in  group  III.  which 
would  be  heavy,  easily  reduced,  and  give  two  grades  of  oxidation,  and 
would  have  an  atomic  weight  greater  than  200.  Such  is  thallium. 
It  forms  compounds  of  a  lower  type,  TIX,  besides  the  higher  unstable 
type  TIX3,  just  as  mercury  gives  HgX2  and  HgX.  In  the  form  of 
the  thallic  oxide,  TL^Og,  the  base  is  but  feebly  energetic,  as  would  be 
expected  by  analogy  with  the  oxides  AI2O3,  GajOg,  and  InaOj,  whilst 
in  thallous  oxide,  TljO,  the  basic  properties  are  sharply  defined, 
as  might  be  expected  according  to  the  properties  of  the  type  RjO 
(Chapter  XV.).  Thallium  was  discovered  in  1861  by  Crookes  and  by 
Lamy  in  certain  pyrites.  When  pyrites  are  employed  in  the  manu- 
facture of  sulphuric  acid,  they  are  burned,  and  give  besides  sulphurous 
anhydride  the  vapours  of  various  substances  which  accompany  the 
sulphur,  and  are  volatile.  Among  these  substances  arsenic  and 
selenium  are  found,  and  together  with  them,  thallium.  These  sub- 
stances accumulate  in  a  more  or    less   considerable    quantity   in    the 

it  easily  forms  basic  salts.  The  hydroxide  is  soluble  in  a  solution  of  caustic  potash, 
and  slightly  so  in  caustic  ammonia.  Gallium  forms  volatile  GaCl^  and  GaCl.i  (Nilson  and 
Pettersson). 

■"'  The  vapour  density  of  indium  chloride,  InClj  (Note  31),  determined  by  Nilson  and 
Pettersson,  confirms  this  atomic  weight.  Indium  is  separated  from  zinc  and  cadmium, 
with  which  it  occurs,  by  taking  advantage  of  the  fact  that  its  hydroxide  is  insoluble  in 
ammonia,  that  the  solutions  of  its  salts  give  indium  when  treated  with  zinc  (hence  indium 
is  dissolved  after  zinc  by  acids)  and  that  they  give  a  precipitate  with  hydrogen  sulphide 
even  in  acid  solutions.  Metallic  indium  is  grey,  has  a  sp.  gr.  of  7"42,  fuses  at  176°,  and 
does  not  oxidise  in  the  air ;  when  ignited,  it  first  gives  a  black  suboxide,  In405,  then 
volatilises  and  gives  a  brown  oxide,  In20^,  whose  salts,  InX-,  are  also  formed  by  the 
direct  action  of  acids  on  the  metal,  hydrogen  being  evolved.  Caustic  alkalis  do  not  act 
on  indium,  from  which  it  is  evident  that  it  is  less  capable  of  forming  alkaline  compounds 
than  aluminium  is  ;  however,  with  potassium  and  sodium  hydroxides,  solutions  of  indium 
salts  give  a  colourless  precipitate  of  the  hydroxide,  which  is  soluble  in  an  excess  of  the 
alkali,  like  the  hydroxides  of  aluminium  and  zinc.  Its  salts  do  not  crystallise.  Nilson 
and  Pettersson  (1889),  by  the  action  of  HCl  upon  In,  obtained  volatile  crystalline, 
InClu,  ^ntl  liy  treating  this  compound  with  In,  InCl  also. 
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tubes  through  which  the  vapours  formed  in  the  combustion  of  the 
pyrites  have  to  pass.  When  the  methods  of  spectrum  analysis  were 
discovered  (1860),  a  great  number  of  substances  were  subjected  to 
spectroscopic  research,  and  it  was  observed  that  those  sublimations 
which  are  obtained  in  the  combustion  of  certain  pyrites  contained  an 
element  having  a  very  sharply-defined  and  characteristic  spectrum — 
namely,  in  the  green  portion  of  the  spectra  it  gave  a  well-defined  band 
(wave-length  535  millionth  millimetres)  which  did  not  correspond  with 
any  then  known  element.'*' 

Under  the  action  of  a  galvanic  current  solutions  of  thallium  salts 
deposit  the  metal  in  the  form  of  a  heavy  powder.  It  is  of  a  grey  colour 
like  tin,  is  soft  like  sodium,  and  has  a  metallic  lustre.  Its  specific 
gra\'ity  is  1 1  -8,  it  melts  at  290°,  and  volatilises  at  a  high  temperature. 
When  heated  slightly  above  its  melting  point  it  forms  an  insoluble 
(in  water)  higher  oxide,  TljOg,  as  a  dark-coloured  powder,  generally 
however  accompanied  by  the  lower  oxide  TI2O,  which  is  also  black 
but  soluble  in  water  and  alcohol.  This  solution  has  a  distinctly 
alkaline  reaction.  This  tliallous  oxide,  melts  at  300°,  and  is  easily 
obtained  from  the  hydroxide  TIHO  by  igniting  it  without  access  of 
air  (in  the  presence  of  air  the  incandescent  thallous  oxide  partly  passes 
into  thallic  qxide).  Thallous  hydroxide,  TIOH,  crystallises  (with  one 
molecule  H,,(J  in  yellow  prisms  which  are  very  easily  soluble  in  water. 
Metallic  thallium  may  be  used  for  its  preparation,  as  the  metal  in  the 
presence  of  water  attracts  oxygen  from  the  air  and  forms  the  hydroxide. 
But  metallic  thallium  does  not  decompose  water,  although  it  gives 
a  hydroxide  which  is  soluble  in  water.-"  •>'''     All  the  other  data  for  the 

■» '  Thallium  was  afterwards  found  in  certain  micas  and  in  the  rare  mineral  crookesite, 
containing  lead,  silver,  thallium,  and  selenium.  Its  isolation  depends  on  the  fact  that  in 
the  presence  of  acids  thallium  forms  thallous  compounds,  TIX.  Among  these  compounds 
the  chloride  and  sulphate  are  only  slightly  soluble,  and  give  with  hydrogen  sulphide  a 
black  precipitate  of  the  sulphide  TljS,  which  is  soluble  in  an  excess  of  acid,  but  insoluble 
in  ammonium  sulphide. 

11  Ms  The  best  method  of  preparing  thallous  hydroxide,  TIOH,  is  by  the  decomposition 
of  the  requisite  quantity  of  baryta  by  thallous  sulphate,  which  is  shghtly  soluble  in  water ; 
barium  sulphate  is  then  obtained  in  the  precipitate  and  thallous  hydroxide  in  solution, 
This  solubility  of  the  hydroxide  is  exceedingly  characteristic,  and  forms  one  of  the  moat 
important  properties  of  thallium.  These  lower  (thallous)  compounds  are  of  the  type 
TIX,  and  recall  the  salts  of  the  alkalis.  The  salts  TIK  are  colourless,  do  not  give  a  pre- 
cipitate with  the  alkalis  or  ammonia,  but  are  precipitated  by  ammonium  carbonate, 
because  thallous  carbonate,  Tl.jCOs,  is  sparingly  soluble  in  water.  Platinic  chloride  giv«s 
the  same  kind  of  precipitate  as  it  does  with  the  salts  of  potassium — that  is,  thallous 
platinoehloride,  PtTloClj,.  All  these  facts,  together  with  the  isomorphism  of  the  salts 
TIX  with  those  of  potassium,  again  point  out  what  an  important  significance  the  types 
of  compounds  have  in  the  detemaination  of  the  character  of  a  given  series  of  substances. 
Although  thallium  has  a  greater  atomic  weight  and  greater  density  than  potassium,  and 
although  it  has  a  less  atomic  volume,  nevertheless  thallous  oxide  is  analogous  tQ 
potassium  oxide  in  many  respects,  for  they  both  give  compounds  of  the  same  type, 
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chemical  and  physical  properties  of  thallium,  of  its  two  grades  of  oxida- 
tion and  of  their  corresponding  salts,  are  expressed  by  the  position 
occupied  by  this  metal  in  virtue  of  its  atomic  weight  Tl  =  204,  between 
mercury  Hg  =  200,  and  lead  Pb  =  206. 

Gallium,  indium,  and  thallium  belong  to  the  uneven  series,  and  there 
should  be  elements  of  the  even  series  in  group  III.  corresponding 
with  calcium,  strontium,  and  barium  in  group  II.  These  ele- 
ments should  in  their  oxides  R2O3  present  basic  characters  of  a  more 
energetic  kind  than  those  shown  by  alumina,  just  as  calcium, 
strontium,  and  barium  give  more  energetic  bases  than  magnesium,  zinc, 
and  cadmium.  Such  are  yttriinn  and  ytterbium,  which  occur  in  a 
rare  Swedish  mineral  called  gadolinite,  and  are  therefore  termed 
the  gadolinite  metals.  To  these  belong  also  the  metal  lanthanum, 
which  accompanies  the  two  other  metals  cerium  and  didymium  in 
the  mineral  cerite,  and  it  therefore  belongs  to  the  cerite  metals.  All 
these  metals  and  certain  others  accompanying  them,  give  basic  oxides 
R2O3.  At  first  their  formula  was  supposed  to  be  RO,  but  the 
application  of  the  periodic  system  required  their  being  counted  as 
elements  of  groups  III.  and  IV.,  which  was  also  confirmed  by 
the  determination  of  the  specific  heats  of  these  metals,''^  and  better 

RX.  We  may  furtlier  remark  that  thallous  fluoride,  TIP,  is  easily  soluble  in  water  as 
well  as  thallous  silicofluoride,  SiTljPg,  but  that  thallous  cyanide,  TICN,  is  sparingly 
soluble  in  water.  This,  together  with  the  slight  solubility  of  thallous  chloride,  TICI,  and 
sulphate,  TI2SO4,  indicates  an  analogy  between  TIX  and  the  salts  of  silver,  AgX. 

As  regards  the  higher  oxide  or  the  thallic  oxide,  TUO^,  the  thallium  is  trivalent  in  it— - 
that  is,  it  forms  compounds  of  the  type  TIX3.  The  hydroxide,  TIO(OH),  is  formed  by  the 
action  of  hydrogen  peroxide  on  thallous  oxide,  or  by  the  action  of  ammonia  on  a  solu- 
tion of  thallic  chloride,  TICI5.  It  is  obtained  as  a  brown  precipitate,  insoluble  in  water 
but  easily  soluble  in  acids,  with  which  it  gives  thallic  salts,  TIX3.  Thallic  chloride,  which 
is  obtained  by  cautiously  heating  the  metal  in  a  stream  of  chlorine,  forms  an  easily 
fusible  white  mass,  which  is  soluble  in  water  and  able  to  part  with  two-thirds  of  its 
chlorine  when  heated.  An  aqueous  solution  of  this  salt  yields  colourless  crystals  con- 
taining one  equivalent  of  water.  It  is  evident  from  the  above  that  aU  the  thallic  salts 
can  easily  be  reduced  to  thallous  salts  by  reducing  agents  such  as  sulphurous  anhy- 
dride, zmc,  &c.  Besides  these  salts,  thallic  sulphate,  Tl2(S0i)^,TS-.,0,  thallic  nitrate 
Tl(N03)g,4H20,  &c.,  are  known.  These  salts  are  decomx)osed  by  water,  like  the  salts  of 
many  feeble  basic  metals — for  example,  aluminium. 

*^  The  specific  heat  of  cerium  determined  (1870)  by  me,  and  afterwards  confirmed  by 
HiUebrand,  corresponds  with  that  atomic  weight  of  cerium  according  to  which  the  com- 
position of  two  oxides  should  be  Ce205  and  CeOg.  HiUebrand  also  obtained  metallic 
lanthanum  and  didymium  by  decomposing  their  salts  by  a  galvanic  current,  and  he 
found  their  specific  heats  to  be  near  that  of  cerium  and  about  0'04,  and  it  is  therefore 
justifiable  to  give  them  an  atomic  weight  near  that  of  cerium,  as  was  done  on  the  basis 
of  the  periodic  law.  Up  to  1870  yttrium  oxide  was  also  given  the  formula  EO.  Havin*^ 
re-determined  the  equivalent  of  yttrium  oxide  (with  respect  to  water),  and  found  it  to  be 
74"6, 1  considered  it  necessary  to  also  ascribe  to  it  the  composition  Y2O5,  because  then 
it  falls  into  its  proper  place  in  the  periodic  system.  If  the  equivalent  of  the  oxide  to 
water  be  7i'6,  it  contains  58'6  of  metal  per  16  of  oxygen,  and  consequently  one  part  by 
weight  of  hydrogen  replaces  29'3  of  yttrium,  and  if  it  be  regarded  as  bivalent  (oxide 


94  PRINCIPLES    OF   CHEMISTRy 

still  by  the  fact  that  Nilson  and  Cleve,  in  their  researches  on  the 
gadolinite  metals  (1879),  discovered  that  they  contain  a  peculiar  and 
very  rare  element,  scandium^  which  by  the  magnitude  of  its  atomic 
weight,  Sc  =  44,  and  in  all  its  properties,  exactly  corresponds  with  the 
metal  (previously  foretold  on  the  basis  of  the  periodic  system)  ekaboron^ 
whose  properties  were  determined  by  taking  the  cerite  and  gadolinite 


BO),  it  would  not,  by  its  atomic  weight  58'6,  find  a  place  in  the  second  group.  But 
if  it  be  taken  as  trivalent — that  is,  if  the  formula  of  its  oxide  be  B2O5  '^'^'^^  salts  RX5 — 
then  y  =  88,  and  a  position  is  open  for  it  in  the  third  group  in  the  sixth  series  after  rubi- 
dium and  strontium.  These  alterations  in  the  atomic  weights  of  the  cerite  and  gadolin- 
ite metals  were  afterwards  accepted  by  Clfeve  and  other  investigators,  who  now  ascribe 
a  formula  R-jO^  to  all  the  newly  discovered  oxides  of  these  metals.  But  still  the  XDOsition 
in  the  periodic  system  of  certain  elements — tor  example  of  holmium,  thulium,  samarium, 
and  others— has  not  yet  been  determined  for  want  of  a  sufficient  knowledge  of  their  pro- 
perties in  a  state  of  purity. 

^^  So,  for  example,  in  1871,  in  the  Journal  of  the  Busslan  Physioo-Chemical  Society 
(p.  45)  and  in  Liebig's  Aiinalen,  Supt.  Band  viii.  198,  I  deduced,  on  the  basis  of  the 
periodic  law, an  atomic  weight  44  f  or  ekaboron,  and  Nilsonin  1888found  that  of  scandium, 
which  is  ekaboron,  to  be  Sc  =  44"03.  The  periodic  law  showed  that  the  specific  gravity  of 
the  ekaboron  oxide  would  be  about  8*5,  that  it  would  have  decided  but  feeble  basic  pro- 
perties and  that  it  would  give  colourless  salts.  And  this  proved  to  be  the  case  with 
scandium  oxide.  In  describing  scandium,  Cleve  and  Nilson  aclmowledge  that  the  par- 
ticular interest  attached  to  this  element  is  due  to  its  complete  identity  with  the  expected 
element  ekaboron.  And  this  accurate  foretelling  of  properties  could  only  be  arrived  at  by 
admitting  that  alteration  of  the  atomic  weights  of  the  cerite  and  gadolinite  metals  which 
was  one  of  the  first  results  of  the  application  of  the  periodic  system  of  the  elements  to 
the  interpretation  of  chemical  facts.  In  my  first  memoirs,  namely,  in  the  Sulletin  of 
the  St.  Petersburg  Academij  of  Sciences^  vol.  viii.  (1870),  and  in  Liebig's  Annaleyi  {I.  c. 
p.  168)  and  others,  I  particularly  insisted  on  the  necessity  of  altering  the  then  accepted 
(itomic  weights  of  cerium,  lanthanum,  and  didymium.  Cleve,  Hoglund,  Hillebrand  and 
Norton,  and  more  especially  Brauner,  and  others  accepted  the  proposed  alteration,  and 
gave  fresh  proofs  in  favour  of  the  proposed  alterations  of  these  atomic  weights.  The  study 
of  the  fluorides  was  particularly  important.  Placing  cerium  in  the  fourth  group,  the 
composition  of  its  highest  oxide  would  then  be  CeO.i,  and  its  compounds  CeX,j,  and  the 
lower  oxide,  Ce.^0-  or  CeX^.  Brauner  obtained  the  fluoride  CeF4,HoO  coi-responding 
with  the  first,  and  a  double  crystalline  salt,  3KF,2CeF4,2H20,  without  any  admixture  of 
compound  of  the  lower  grade  CeX-,  which  generally  occur  together  with  the  majority  of 
salts  con-esponding  with  CeX^.  It  will  be  seen  from' these  formulse  and  from  the  tables  of 
the  elements,  that  cerium  and  didymium  do  not  belong  to  the  third  group,  which  is  now 
being  described,  but  we  mention  them  here  for  convenience,  as  all  the  cerite  and 
gadolinite  metals  have  much  in  common.  These  metals,  which  are  rare  in  nature, 
resemble  each  other  in  many  respects,  always  accompany  each  other,  are  with  difficulty 
isolated  from  each  other,  and  stand  together  in  the  periodic  system  of  the  elements ; 
they  have  acquired  a  peculiar  interest  owing  to  their  having  been  in  1870  the  objects  of 
the  study  of  Marignac,  Delafontaine,  Soret,  Lecoq  de  Boisbaudran,  Brauner,  Cl^ve, 
Nilson,  the  professors  of  Upsala,  and  others.  1 

The  cerite  and  gadolinite  metals  occur  in  rare  siliceous  minerals  from  Sweden, 
America,  the  Urals,  and  Baikal,  such  as  cerite  (in  Sweden),  gadolinite,  and  orthite;  and 
in  still  rarer  minerals  formed  by  titanic,  niobic,  and  tantalic  acids,  such  as  euxenite  in 
Norway  and  America,  and  saraarskite  in  Norway,  the  Urals  and  America,  and  in  a  few 
rare  fluorides  and  phosphates.  Among  the  latter,  monazite  is  found  in  somewhat 
considerable  quantities  in  Brazil  and  North  Carolina;  this  contains  the  phosphate  of 


BORON,    ALUMIXIUM,    AND   THE   ANALOGOUS   METALS  95 

The  brevity  of  this  work  and  the  great  rarity  of  the  above-mentioned 
elements  will  give  me  the  right  to  exclude  their  description,  all  the 

cerium,  CeP04(  =  Ce-^OsP^Os),  together  with  diclymium,  thorium  and  lanthanum  (According 
to  W.  Edron  and  Shapleigh's  analyses),  and  is  now  used  for  preparing  that  mixtui'e  of 
the  oxides  of  the  rare  metals  (especially  Th02,Ce.205,La.i05,  &c.),  which  is  employed  for 
incandescent  burners  (Auer  von  Welsbach),  as  it  has  been  found  by  experiment  that 
these  oxides  when  raised  to  incandescence  in  a  non-luminous  gas  flame,  give  a  far 
more  brilliant  flame  with  a  smaller  consumption  of  gas,  besides  being  suitable  for  such 
non-luminous  gases  as  water  gas.  The  insufficiency  of  material  to  work  upon,  and 
the  difficulty  of  separating  the  oxides  from  each  other,  are  the  chief  reasons  why 
the  composition  of  the  compounds  of  these  rare  metals  is  so  imperfectly  known. 
Cerite  is  the  most  accessible  of  these  minerals.  Besides  silica  it  contains  more 
than  50  p,  c.  of  the  oxides  of  cerium,  lanthanum  (from  4  p.  c),  and  didymium.  The 
decomposition  of  its  powder  by  sulphuric  acid  gives  sulphates,  all  of  which  are  soluble  in 
water.  The  other  minerals  mentioned  above  are  also  decomposed  in  the  same  manner. 
The  solution  of  sulphates  is  precipitated  with  free  oxalic  acid,  which  forms  salts  insoluble 
in  water  and  dilute  acids  with  all  the  cerite  and  gadolinite  oxides.  The  oxides  them- 
selves are  obtained  by  igniting  the  oxalates.  Wlien  ignited  in  the  air  the  cerium 
passes  from  its  ordinary  oxide  Ce.iO,3  into  the  higher  oxide  CeOo,  which  is  so  feeble  a 
base  that  its  salts  are  decomposed  by  water,  and  it  is  insoluble  in  dilute  nitric  acid. 
Therefore  it  is  always  possible  to  remove  all  the  cerium  oxide  by  repeated  ignitions  and 
solutions  in  sulphuric  acid.  The  further  separation  of  the  nietals  is  mainly  based  on 
four  methods  employed  by  many  investigators. 

(a)  A  solution  of  the  mixed  salts  is  treated  witli  an  excess  of  solid  j)otassium  sulphate. 
Double  salts,  such  as  Ce.2fS04)5,3K..S04,  are  thus  formed.  The  gadolinite  metals, 
namely  yttrium,  ytterbium,  and  erbium,  then  remain  in  solution — that  is,  their  double 
salts  are  soluble  in  u,  solution  of  xootassium  sulphate,  whilst  the  cerite  metals — namely, 
cerium,  lanthanum,  and  didymium — are  precipitated,  that  is,  their  double  salts  are 
insoluble  in  a  saturated  solution  of  potassium  sulphate.  This  ordinary  method  of 
separation,  however,  appears  from  the  researches  of  Marignac  to  be  so  untrustworthy 
that  a  considerable  amount  of  didymium  and  the  other  metals  remain  in  the  soluble  por- 
tion, owing  to  the  fact  that,  although  individually  insoluble,  they  are  dissolved  when 
mixed  together.  Thus  erbium  and  terbium  occur  both  in  the  solution  and  precipitate. 
Nevertheless,  beryllium,  yttrium,  erbium,  and  ytterbium  belong  to  the  soluble,  and  scan- 
dium, cerium,  lanthanum,  didymium,  and  thorium  to  the  insoluble  portion.  The  insoluble 
salt  of  scandium,  for  example  (i.e.  insoluble  in  a  solution  of  potassium  sulphate),  has  a 
composition  Sc2(S04)-,3K2S04. 

(&)  The  oxides  obtained  by  the  ignition  of  the  oxalates  are  dissolved  in  nitric  acid  (the 
nitrates  of  the  cerite  metals  easily  form  double  salts  with  those  of  the  alkali  metals,  and 
as  some — for  example,  the  ammonio- lanthanum  salt — crystallise  very  well,  they  should  be 
studied  and  applied  to  the  analytical  separation  of  these  metals),  the  solution  is  then 
evaporated  to  dryness,  and  the  residue  fused.  All  nitrates  are  destroyed  by  heat ;  those 
of  aluminium  and  iron,  &c.,  very  easily,  those  of  the  cerite  and  gadolinite  metals  also 
easily  (although  not  so  easily  as  the  above)  but  in  different  degrees  and  sequence ;  so  that 
by  carrying  on  the  decomposition  carefully  from  the  beginnmg  it  is  possible  to  destroy 
the  nitrate  of  only  one  metal  without  touching  the  others,  or  leaving  them  as  insoluble 
basic  salts.  This  method,  like  the  preceding  and  the  two  following,  must  be  repeated 
as  many  as  seventy  times  to  attain  a  really  constant  product  of  fixed  properties,  that 
is,  one  in  which  the  decomposed  and  undecomposed  portions  contain  one  and  the  same 
oxide.  This  method,  due  to  Berlin  and  worked  out  by  Bunsen,  has  given  in  the  hands  of 
Marignac  and  Nilson  the  best  results,  especially  for  the  separation  of  the  gadolinite 
metals,  ytterbium  and  scandium. 

(c)  A  solution  of  the  salts  is  partially  precipitated  by  ammonia;  that  is,  the  solution  is 
mixed  with  a  small  quantity  of  ammonia  insufficient  for  the  precipitation  of  the  entire 
quantity  of  the  bases  (fractional  precipitation).     Tims,  the  didymium  hydroxide  is  first 
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more  as  the  principles  of  the  periodic  system  enable  many  of  their 
properties  to  be  foreseen,  and  as  their  practical  uses  (cerium  oxalate  is 

precipitated  from  a  mixture  of  the  salts  of  didymimn  aud  lanthanum.  A  partial  sepa- 
ration may  be  effected  by  repeating  the  solution  of  the  precipitate  and  fractional 
precipitation,  but  a  perfectly  pure  product  is  scarcely  attainable. 

{d)  The  formates  having  different  degrees  of  solubility  (lanthanum  formate  420  parts 
of  water  per  one  of  salt,  didymium  formate  '2'21,  cerium  formate  860,  yttrium  and  erbium 
formates  easily  soluble)  give  a  possible  means  of  separating  certain  of  the  gadolinilo 
metals  from  each  other  by  a  method  of  fractional  solution  and  precipitation,  as  Bunsen, 
Bahr,  Clove,  and  others  have  pointed  out. 

(e)  Crookes  (1898)  took  advantage  of  the  fractional  precipitation  of  alcoholic  solutions 
of  the  chlorides  by  amylene,  and"by  this  means  separated,  for  example,  erbium,  terbium, 
and  others. 

(/)  Lastly,  oxide  of  thorium  ThO.,,  (Chapter  VIII.,  Note  50)  is  separated  by  means  of 
its  solubility  in  a  solution  of  sodium  carbonate. 

A  good  method  of  separating  these  metals  is  not  known,  for  they  are  so  like  eaoli 
either.  Tliere  are  also  only  a  few  metJiods  of  (tistinguishing  them  from  each  other,  and 
we  can  only  add  the  following  four  to  the  above.  , 

"  The  faculty  of  oxidising  into  a  higher  oxide.  This  is  very  characteristic  for  cerium, 
which  gives  the  oxides  Ce.jOj  and  CeO.>  or  CejOj.  Didymium  also  gives  one  colourless 
oxide,  DijOs,  which  is  capable  of  forming  salts  (of  a  lilac  colour),  and  another,  according 
to  Brauner,  Di.jOs  which  is  dark  brown  and  does  not  form  salts,  so  far  as  is  Iniown, 
and  (like  eerie  oxide)  acts  as  an  oxidising  agent,  like  the  higher  oxides  of  tellurimu, 
manganese,  lead,  and  others.  Lanthanum,  yttrium,  and  many  others  are  not  capable 
of  such  oxidation.  The  presence  of  the  higher  oxides  may  be  recognised  by  ignition  in 
a  stream  of  hydrogen,  by  which  means  the  higher  oxides  are  reduced  to  the  lower,  which 
then  remain  unaltered. 

'•  The  majority  of  the  salts  of  the  gadolinite  and  cerite  metala  are  colourless,  but 
those  of  didymium  and  erbium  are  rose-coloured,  the  salts  of  the  higher  oxide  of  cerimn, 
CeX4,  yellow,  of  the  higher  oxide  of  terbiimi,  yellow,  &c.  Thus,  the  first  metals  ob- 
tained from  gadolinite  were  yttrium,  giving  colourless,  and  erbium,  giving  rose-coloured, 
salts.  Afterwards  it  was  found  that  the  salts  of  erbium  of  former  investigators  contained 
numerous  colourless  salts  of  scandium,  ytterbium,  itc,  so  that  a  coloration  sometimes 
indicates  the  presence  of  a  small  impurity,  as  was  long  known  to  be  the  case  in 
minerals,  and  therefore  this  point  of  distinction  cannot  be  considered  trustworthy. 

"^  In  a  solid  state  and  in  solutions,  the  salts  of  didymium,  samarium,  holmium,  (tc, 
give  characteristic  absorption  spectra,  as  we  pointed  out  in  Chapter  XIU.,  and  this 
naturally  is  connected  with  the  colour  of  these  salts.  The  most  important  point  is,  tliat 
those  metals  which  do  not  give  an  absorption  spectrum — for  example,  lanthanum, 
yttrium,  scandium,  and  ytterbium — may  be  obtained  free  from  didymium,  samarium, 
and  the  other  metals  giving  absorption  spectra,  because  the  presence  of  the  latter  may 
be  easily  recognised  by  means  of  the  spectroscope,  whilst  the  presence  of  the  former  in 
the  latter  cannot  be  distinguished,  and  therefore  the  purification  of  the  former  can  be 
carried  further  than  that  of  the  latter.  We  may  further  remark  that  the  sensitiveness 
of  the  spectrum  reaction  for  didymium  is  so  great  that  it  is  possible  with  a  layer  of 
solution  half  a  metre  thick  to  recognise  the  presence  ot  1  part  of  didymium  oxide  (as 
salt)  in  40,000  parts  of  water.  Cossa  determined  the  presence  of  didymium  (together 
with  cerium  and  lanthanum)  in  apatites,  limestones,  bones,  and  the  ashes  of  plants  by 
this  method.  The  main  group  of  dark  lines  of  didymium  correspond  with  wave-lengtliB 
ot  from  580  to  570  millionths  mm. ;  and  the  secondary  to  about  520,  780,  480,  &c.  The 
cluef  absorption  bands  of  samarium  are  472-486,  417,  500,  and  559.  Besides  which, 
Crookes  applied  the  investigation  of  the  spectra  of  the  phosphorescent  light  which  is 
emitted  by  certain  earths  in  an  almost  perfect  vacuum,  when  an  electric  discharge  is|passed 
through  it,  to  the  discovery  and  characterisation  of  these  rare  metals.  But  it  would  seem 
that  the  smallest  admixture  of  other  oxides  (for  example,  bismuth  uranium)  so  powerfully 
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used  in.  medicinej  and  didymium  oxide  in  the  manufacture  of  glass,  a 
mixture  of  the  oxides  of  lanthanum  and  similar  metals  is  employed  for 

influences  these  spectra  that  the  fundamental  distinctions  of  the  oxides  cannot  be  deter- 
mined by  this  metliod.  Besides  which,  the  spectra  obtained  by  the  passage  of  sparks 
through  solutions  or  powders  of  the  salts  are  determined  and  applied  to  distinguishing 
the  elements,  but  as  spectra  vary  with  the  temperature  and  elasticity  (concentration) 
this  method  cannot  be  considered  as  trustworthy. 

ti  The  most  important  point  of  distinction  of  individual  metallic  oxides  is  given  by 
the  direct  deter  mi  natio?i  of  their  equivalent  with  respect  to  water — that  is,  the  amount 
of  the  oxide  by  weight  which  combines  (like  water)  with  80  parts  by  weight  of  sulphuric 
anliydride,  SO5,  for  the  formation  of  a  normal  salt.  For  this  purpose  the  oxide  is  weighed 
and  dissolved  in  nitric  acid,  sulphuric  acid  is  then  added,  and  the  whole  is  evaporated  to 
dryness  over  a  water-bath  and  then  heated  over  a  naked  flame  sufficiently  strongly  to 
drive  off  the  excess  of  sulphuric  acid,  but  so  as  not  to  decompose  the  salt  (the  product  would 
in  that  case  not  be  perfectly  soluble  in  water) ;  then,  knowing  the  weight  of  the  oxide 
and  of  the  anhydrous  sulphate,  we  can  find  the  equivalent  of  the  oxide.  The  following  are 
the  most  trustworthy  figures  in  this  connection  :  scandium  oxide  45'35  (Nilson),  yttrium 
oxide  75"7  (Cleve;  according  to  my  determination,  18V1 — 74'6),  cerous  oxide — that  is,  the 
lower  form  of  oxidation  of  cerium,  according  to  various  investigators  (Bunsen,  Brauner, 
and  others)  from  108  to  111,  the  higher  oxide  of  cerium  from  85  to  87,  lanthanum  oxide, 
according  to  Brauner,  108,  didymium  oxide  (in  salts  of  the  ordinary  lower  form  of 
oxidation)  about  112  (Marignac,  Brauner,  Cleve),  samarium  oxide  about  116  (Cleve), 
ytterbimn  oxide  131*3  (Nilson).  It  may  not  be  superfluous  here  to  draw  attention  to  the 
fact  that  the  equivalent  of  the  oxides  of  all  the  gadolinite  and  cerite  metals  for  water 
distribute  themselves  into  four  groups  with  a  somewhat  constant  difference  of  nearly  30. 
Li  the  first  group  is  scandium  oxide  with  equivalent  45,  in  the  second,  yttrium  oxide  76, 
in  the  third,  lanthanrun,  cerium,  didymium,  and  samarium  oxides  with  equivalent  about 
110,  and,  in  the  fourth,  erbium,  ytterbium,  and  thorium  oxides  with  equivalent  about  131. 
The  common  difference  of  period  is  nearly  45.  And  if  we  ascribe  the  type  BoO^  to  all 
the  oxides — that  is,  if  we  triple  the  weight  of  the  equivalent  of  the  oxide — we  shall 
obtain  a  difference  of  the  groups  nearly  equal  to  90,  which,  for  two  atoms  of  the  metal, 
forms  the  ordinary  periodic  difference  of  45.  If  one  and  the  same  type  of  oxide  E.,0-  be 
ascribed  to  all  these  elements  (as  now  generally  accepted,  in  many  cases  there  being 
insufliciently  trustworthy  data),  then  the  atomic  weights  should  be  Sc  =  44,  Y  =  89, 
La  =  138,  Ce  =  140,  Di  =  144,  (neodymium  140,  praseodymium  144),  Sm  =  150,  Tb  =  173, 
also  terbium  147,  holmimn  162,  alphayttrium  157,  erbium  166,  thulium  170,  decipium  171. 
It  should  be  observed  that  there  may  be  instances  of  basic  salts.  If,  for  example,  an 
element  with  an  atomic  weight  90  gave  an  oxide  RO2,  but  salts  BOXj,  then  by  counting 
its  oxide  as  BoO;;;  its  atomic  weight  would  be  159. 

All  the  points  distinguishing  many  gadolinite  and  cerite  elements  have  not  been 
sufficiently  well  established  in  certain  cases  (for  example,  with  -decipium,  thulium,  hol- 
mium,  and  others).  At  present  the  most  certain  are  yttrium,  scandium,  cerium,  and 
lanthanum.  In  the  case  of  didymium,  for  example,  there  is  still  much  that  is  doubtful. 
Didymium,  discovered  in  1842  by  Mosander  after  lanthanum,  differs  from  the  latter  in 
its  absorption  spectrum  and  the  lilac-rose  colour  of  its  salts.  Delafontaine  (1878)  sepa- 
rated samarium  from  it.  Welsbach  showed  that  it  contains  two  particular  elements, 
neodymium  (salts  bluish-red)  and  praseodymium  (salts  apple-green),  and  Becquerel 
(1887)  by  investigating  the  spectra  of  crystals,  recognised  the  presence  of  six  indi- 
vidual elements.  Probably,  therefore,  many  of  the  now  recognised  elements  contain  a 
mixture  of  various  others,  and  as  yet  there  is  not  enough  confirmation  of  their  individu- 
ality. As  regards  yttrium,  scandium,  cerium,  and  lanthanum,  which  have  been 
estabhshed  without  doubt,  I  think  that,  owing  to  their  great  rarity  in  nature  and 
chemical  art,  it  would  be  superfluous  to  describe  them  further  in  so  elementary  a 
work  as  the  present.  We  may  add  that  Winkler  (1891)  obtained  a  hydrogen  compound 
of  lanthanum,  whose  composition  (according  to  Brauner)  is  LajHs,  as  would  be  expected 
VOL.  II.  H 
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giving  a  bright  light,  as  this  mixture  emits  a  brilliant  white  light 
when  brought  to  incandescence)  are  very  linjited,  by  reason  of  their 
great  rarity  in  nature,  and  the  difficulty  of  separating  tliem  from  one 
another. 

from  the  composition  of  NiioH,  MgoHo,  &f.  C.  Winkler  (1S91),  on  reducing  CeO..  with 
magnesium,  also  remarked  a  rapid  absorption  of  hydrogen,  and  showed  that  a  hydride  of 
cerium,  CeHj,  corresponding  to  CaH,  and  the  other  similar  hydrides  of  metals  of  the 
alkaline  earths,  is  formed  (Chapter  XIV.,  Note  tiH). 
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CHAPTER   XVIII 

SILICON   AND   THE    OTHER    ELEMENTS    OF    THE   FOUBTH    GROUP 

Carbon,  which  gives  the  compounds  CH.,  and  CO2,  belongs  to  the 
fourth  group  of  elements.  The  nearest  element  to  carbon  is  silicon, 
which  forms  the  compounds  SiH,,  and  SiOj  ;  its  relation  to  carbon  is 
like  that  of  aluminium  to  boron  or  phosphorus  to  nitrogen.  As  carbon 
composes  the  principal  and  most  essential  part  of  animal  and  vegetable 
substances,  so  is  silicon  almost  an  invariable  component  part  of  the 
rooky  formations  of  the  earth's  crust.  Silicon  hydride,  SiH4,  like  OH4, 
has  no  acid  properties,  but  silica,  Si02,  shows  feeble  acid  properties 
like  carbonic  anhydride.  In  a  free  state  silicon  is  also  a  non- volatile, 
slightly  energetic  non-metal,  like  carbon.  Therefore  the  form  and 
nature  of  the  compounds  of  carbon  and  silicon  are  very  similar.  In 
addition  to  this  resemblance,  silicon  presents  one  exceedingly  important 
distinction  from  carbon  :  namely,  the  nature  of  the  higher  degree  of 
oxidation.  That  is,  silica,  silicon  dioxide,  or  silicic  anhydride,  Si02  is 
a  solid,  non-volatile,  and  exceedingly  infusible  substance,  very  unlike 
carbonic  anhydride,  CO2,  which  is  a  gas.  This  expresses  the  essential 
peculiarity  of  silicon.  The  cause  of  this  distinction  may  be  most 
probably  sought  for  in  the  polymeric  composition  of  silica  compared 
with  carbonic  anhydride.  The  molecule  of  carbonic  anhydride  con- 
tains CO2,  as  seen  by  the  density  of  this  gas.  The  molecular  weight 
and  vapour  density  of  silica,  were  it  volatile,  would  probably  correspond 
with  the  formula  SiOj,  but  it  might  be  imagined  that  it  would  corre- 
spond to  a  far  higher  atomic  weight  of  Si„02„,  principally  from  the 
fact  that  SiH4  is  a  gas  like  CH4,  and  SiCl4  is  a  liquid  and  volatile, 
boiling  at  57°— that  is,  even  lower  than  CCI4,  which  boils  at  76°.  In 
general,  analogous  compounds  of  silicon  and  carbon  have  nearly  the 
same  boiling  points  if  they  are  liquid  and  volatile.'     From  this  it  might 

1  Chloroform,  CHCls,  boils  at  60°,  and  silicon  chloroform,  SiHClj,  at  S4" ;  silicon 
ethyl,  81(02115)4,  boils  at  about  150°,  and  its  corresponding  carbon  compound,  C(C9.H;i)4, 
at  about  120° ;  ethyl  orthosilicate,  81(002115)4,  boils  at  160°,  and  ethyl  orthocarbonate, 
C(OC2H5)4,  at  158°.  The  specific  volumes  in  a  liquid  state — that  is,  those  of  the  silicon 
compounds— generally  are  slightly  greater  than  those  of  the  carbon  compounds;  for 

H  2 
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be  expected  that  silicic  anhydride,  SiO.^,  would  be  a  gas  like  carbonic 
anhydride,  whilst  in  reality  silica  is  a  hard  non-volatile  substance,  ^^'is 
and  therefore  it  may  with  great  certainty  be  considered  that  in  this 
condition  it  is  polymeric  with  Si02,  as  on  polymerisation — for  instance, 
when  cyanogen  passes  into  paracyanogen,  or  hydrocyanic  acid  into 
cyanuric  acid  (Chapter  IX.) — very  frequently  gaseous  or  volatile 
substances  change  into  solid,  non-volatile,  and  physically  denser  and 
more  complex  substances.^  We  will  first  make  acquaintance  with  free 
silicon  and  its  volatile  compounds,  as  substances  in  which  the  analogy 
of  silicon  with  carbon  is  shown,  not  only  in  a  chemical  but  also  in  a 
physical  sense,  ^ 

example,  the  volumes  of  CCl4  =  94,  SiCl4  =  l]2,  CHC1-  =  81,  SiHCls^yj,  of  C(OCHo5)4 
=  186,  and  Si(OC2H5)4  =  201.  The  correspondmg  salts  have  also  nearly  equal  specific 
volumes;  for  example,  CaC03  =  37,  CaSi05^4:l.  It  is  impossible  to  compare  SiOo  and 
COo,  because  their  physical  states  are  so  widely  different. 

1  bis  gjj^t;  silica  fuses  and  volatilises  (Moissan)  in  the  heat  of  the  electric  furnace,  about 
3000°,  SiOa  is  also  partially  volatile  at  the  temperature  attained  in  the  flame  of  detonat- 
ing gas  (Cremer,  1892). 

^  A  property  of  intercombination  is  observable  in  the  atoms  of  carbon,  and  a  faculty 
for  intercombination,  or  xiolymerisation,  is  also  seen  in  the  unsaturated  hydrocarbons 
and  carbon  compounds  in  general.  In  silicon  a  property  of  the  same  nature  is  found  to 
be  particularly  developed  in  silica,  SiO^,  which  is  not  the  case  with  carbonic  anhydride. 
The  faculty  of  the  molecules  of  silica  for  combining  both  with  other  molecules  and 
among  themselves  is  exhibited  in  the  formation  of  most  varied  compounds  with  bases, 
in  the  formation  of  hydrates  with  a  gradually  decreasing  proportion  of  water  down  to 
anliydi'ous  silica,  in  the  colloid  nature  of  the  hydrate  (the  molecules  of  colloids  are  always 
complex),  in  the  formation  of  polymeric  ethereal  salts,  and  in  many  other  properties 
which  will  be  considered  in  the  sequel.  Having  come  to  this  conclusion  as  to  the  poly- 
meric state  of  silica  since  the  years  1850-1860, 1  have  found  it  to  be  confirmed  by  all 
subsequent  researches  on  the  compounds  of  silica,  and,  if  I  mistake  not,  this  view  has 
now  been  very  generally  accepted. 

^  It  was  only  after  Gerhardt,  and  in  general  subsequently  to  the  establishment  of 
the  true  atomic  weights  of  the  elements  (Chapter  VII.),  that  a  true  idea  of  the  atomic 
weight  of  silicon  and  of  the  composition  of  silica  was  arrived  at  from  the  fact  that  the 
molecules  of  SiCl^,  SiF.},  Si(OC2H5)4,  &c.,  never  contain  less  than  28  parts  of  silicon. 

The  question  of  the  composition  of  silica  was  long  the  subject  of  the  most  contra- 
dictory statements  in  the  history  of  science.  In  the  last  centmy  Pott,  Bergmann,  and 
Scheele  distinguished  silica  from  alumina  and  lime.  In  the  beginning  of  the  present 
century  Smithson  for  the  first  time  expressed  the  opinion  that  silica  was  an  acid,  and 
the  minerals  of  rocks  salts  of  this  acid.  Berzelius  determined  the  presence  of  oxygen  in 
silica — namely,  that  8  parts  of  oxygen  were  united  with  7  of  silicon.  The  composition  of 
silica  was  first  expressed  as  SiO  (and  for  the  sake  of  shortness  S  only  was  sometimes 
written  instead).  An  investigation  in  the  amount  of  silica  present  in  crystaUine  minerals 
showed  that  the  amount  of  oxygen  in  the  bases  bears  a  very  varied  proportion  to  the 
amount  of  oxygen  in  the  silica,  and  that  tliis  ratio  varies  from  2:1  to  1:3.  The 
ratio  1  :  1  is  also  met  with,  but  the  majority  of  these  minerals  are  rare.  Other  more 
common  minerals  contain  a  larger  proportion  of  silica,  the  ratio  between  the  oxygen  of 
the  bases  and  the  oxygen  of  the  silica  being  equal  to  1  :  2,  or  thereabouts ;  such  are  the 
augites,  labradorites,  oligoclase,  talc,  &c.  The  higher  ratio  1  :  3  is  lnio\vu  for  a  widely 
distributed  series  of  natural  silicates — for  example,  the  felspars.  Those  silicates  in  wliich 
the  amount  of  oxygen  in  the  bases  is  equal  to  that  in  the  silica  are  termed  monosilicates  ; 
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Free  silicon  can  be  obtained  in  an  amorphous  or  crystalline  state. 
Amorphous  silicon  is  produced,  like  aluminium,  by  decomposing  the 
double  fluoride  of  sodium  and  silicon  (sodium  silicofluoride)  by  means 
of  sodium  :  JSra2SiF(j  +  4Na  =  6NaF  +  Si.  By  treating  the  mass  thus 
obtained  with  water  the  sodium  fluoride  may  be  extracted  and  the 
residue  will  consist  of  brown,  powdery  silicon.  In  order  to  free  it  from 
any  silica  which  might  be  formed,  it  is  treated  with  hydrofluoric  acid. 
This  silicon  powder  is  not  lustrous  ;  when  heated  it  easily  ignites,  but 
does  not  completely  burn.     It  fuses  when  very  strongly  heated,  and 

their  general  formula  will  be  {R0).>Si02  or  (R205)2{Si02)3.  Those  in  which  the  ratio  of 
the  oxygen  is  equal  to  1  :  2  are  termed  bisiUcates,  and  their  general  formula  will  be 
ROSiOg  or  EgO^  {8103)5.  Those  in  which  the  ratio  is  1  :  3  will  be  trisilicates,  and  their 
general  formula  (RO)2(Si02)5  or  (R205)2(Si02)9. 

In  these  formulae  the  now  established  composition  of  Si02 — that  is,  that  ui  which  the 
atom  of  Si  =  28 — is  employed.  Berzelius,  who  made  an  accurate  analysis  of  the  composition 
of  felspar,  and  recognised  it  as  a  trisilicate  formed  by  the  union  of  potassium  oxide  and 
alumina  with  silica,  in  just  the  same  manner  as  the  alums  are  formed  by  sulphuric  acid, 
gave  silica  the  same  formula  as  sulphuric  anhydride — that  is,  SiOs.  In  this  case  the 
formula  of  felspar  would  be  exactly  similar  to  that  of  the  alums — that  is,  B^l(Si04)2) 
like  the  alums,  KA1{S04)2.  If  the  composition  of  silica  be  represented  as  SiOs,  the  atom 
of  silicon  must  be  recognised  as  equal  to  42  (if  0  =  16  ;  or  if  0  =  8,  as  it  was  before  taken 
to  be,  Si  =  21). 

The  former  formulae  of  silica,  Si0(Si  =  14,)  and  Si05{Si  =  42),  were  first  changed  into 
the  present  one,  Si02(Si  =  28),  on  the  basis  of  the  following  arguments: — An  excess  of 
silica  occurs  in  nature,  and  in  siliceous  rocks  free  silica  is  generally  found  side  by  side  with 
the  sihcates,  and  one  is  therefore  led  to  the  conclusion  that  it  has  formed  acid  salts. 
It  would  therefore  be  incorrect  to  consider  the  trisilicates  as  normal  salts  of  silica,  for 
they  contain  the  largest  proportion  of  silica ;  it  is  much  better  to  admit  another  formula 
with  a  smaller  proportion  of  oxygen  for  silica,  and  it  then  appears  that  the  majority  of 
minerals  are  normal  or  slightly  basic  salts,  whilst  some  of  the  minerals  predominating 
in  nature  contain  an  excess  of  silica— that  is,  belong  to  the  order  of  acid  salts. 

At  the  present  time,  when  there  is  a  general  method  (Chapter  VII.)  for  the  determina- 
tion of  atomic  weights,  the  volumes  of  the  volatile  compounds  of  silica  showthat  its  atomic 
weight  Si  =  28,  and  therefore  silica  is  SiOo.  Thus,  for  example,  the  vapour  jdensity  of 
silicon  chloride  with  respect  to  air  is,  as  Dumas  showed  (1862),  5"94,  and  hence  with  respect 
to  hydrogen  it  is  85"5,  and  consequently  its  molecular  weight  will  be  171  (instead  of  170 
as  indicated  by  theory).  This  weight  contains  28  parts  of  silicon  and  142  parts  of 
chlorine,  and  as  an  atom  of  the  latter  is  equal  to  35"5,  the  molecule  of  silicon  chloride  con- 
tains SiCl4.  As  two  atoms  of  chlorine  are  equivalent  to  one  of  oxygen,  the  composition 
of  silica  will  be  Si02 — that  is,  the  same  as  stannic  oxide,  Sn02,  or  titanic  oxide,  Ti02  ^nd 
the  like,  and  also  as  carbonic  and  sulphurous  anhydrides,  CO2  and  SO2.  But  silica  bears 
but  little  physical  resemblance  to  the  latter  compounds,  whilst  stannic  and  titannic 
oxides  resemble  silica  both  physically  and  chemically.  They  are  non-volatile,  crystalline 
insoluble,  are  colloids,  also  form  feeble  acids  like  silica,  &c.,  and  they  might  therefore  be 
expected  to  form  analogous  compounds,  and  be  isomorphous  with  silica,  as  Marignac 
(1859)  found  actually  to  be  the  case.  He  obtained  stannofluorides,  for  example  an  easily 
soluble  strontium  salt,  SrSnFg,  2H2O,  corresponding  with  the  already  long  known  silico- 
fluorides,  such  as  SrSiF^,  2H2O.  These  two  salts  are  almost  identical  in  crystalline 
form  (monoclinic  ;  angle  of  the  prism,  83°  for  the  former  and  84°  for  the  latter;  inclina- 
tion of  the  axes,  103°  46'  for  the  latter  and  103°  30'  for  the  former),  that  is,  they  are 
isomorphous.  "We  may  here  add  that  the  specific  volume  of  silica  in  a  solid  form  is  22"6 
and  of  stannic  oxide  21"5. 
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has  then  the  appearance  of  carbon.''  Crystalline  silicon  is  obtained  in 
a  similar  way,  but  by  substituting  an  excess  of  aluminium  for  the 
sodium:  SNa.SiFg  +  ^Al  =  6NaF  +  4AlF3  +  3Si.  The  part  of  the 
aluminium  remaining  in  the  metallic  state  dissolves  the  silicon,  and 
the  latter  separates  from  the  solution  on  cooling  in  a  crystalline  form. 
The  excess  of  aluminium  after  the  fusion  is  removed  by  means  of  hydro- 
chloric and  hydrofluoric  acid.  The  best  silicon  crystals  are  obtained 
from  molten  zinc  ;  15  parts  of  sodium  silicofluoride  are  mixed  with 
20  parts  of  zinc  and  4  parts  of  sodium,  and  the  mixture  is  thrown 
into  a  strongly  heated  crucible,  a  layer  of  common  salt  being  used  to 
cover  it ;  when  the  mass  fuses  it  is  stirred,  cooled,  treated  with 
hydrochloric  acid,  and  then  washed  with  nitric  acid.  Silicon,  especially 
when  crystalline,  like  graphite  and  charcoal,  does  not  in  any  way  act 
on  the  above-mentioned  acids.  It  forms  black,  very  brilliant,  regular 
octahedra  having  a  specific  gravity  of  2'49  ;  it  is  a  bad  conductor  of 
electricity,  and  does  not  burn  even  in  pure  oxygen  (but  it  burns  in 
gaseous  fluorine).  The  only  acid  which  acts  on  it  is  a  mixture  of  hydro- 
fluoric and  nitric  acids  ;  but  caustic  alkalis  dissolve  in  it  like  aluminium, 
with  evolution  of  hydrogen,  thus  showing  its  acid  character.  In 
general  silicon  strongly  resists  the  action  of  reagents;,  as  do  also  boron 
and  carbon.  Crystalline  silicon  was  obtained  in,'1855'.by  Deville,  and 
amorphous  silicon  in  1826  by  Berzelius.'' i'^' 

Silicon  hydride,  SiH4,  analogous  to  marsh  gaftj^Was  obtained  first 


of  all  in  an  impure  state,  mixed  with  hydrogen,  by  two  methods  :  by 
the  action  of  an  alloy  of  silicon  and  magnesium  on  hydrochloric  acid,'' 
and  by  the  action  of  the  galvanic  current  on  dilute  sulphuric  acid, 
using    electrodes   of   aluminium,    containing   silicon.     In   these   cases 

'^  A  similar  form  of  silicon  is  obtained  by  fusing  SiOg  with  magnesium,  when  an  alloy 
of  Si  and  Mg  is  also  formed  (Gattei-mann).  Warren  (1888)  by  heating  magnesium  in  a 
stream  of  SiFi  obtained  silicon  and  its  alloy  with  magnesium.  Winkler  (1890)  found 
that  MgsSij  and  MgaSi  are  formed  when  SiOa  and  Mg  are  heated  together  at  lower  tem- 
peratures, whilst  at  a  high  temperature  Si  only  is  formed. 

■">''  It  is  very  remarkable  that  silicon  decomposes  carbonic  anhydride  at  a  white  heat, 
forming  a  white  mass  which,  after  being  treated  with  potassium  hydroxide  and  hydrofluoric 
acid,  leaves  a  very  stable  yellow  substance  of  the  formula  SiCO,  which  is  formed  according 
to  the  equation,  3Si  -H  2CO3  =  SiOj  4-  2SiC0.  It  is  also  slowly  formed  when  silicon  is  heated 
with  carbonic  oxide.  It  is  not  oxidised  when  heated  in  oxygen.  A  mixture  of  silicon  and 
carbon  when  heated  in  nitrogen  gives  the  compound  SigCgN,  which  is  also  very  stable. 
On  this  basis  Schiitzenberger  recognises  a  group,  CoSig,  as  capable  of  combining  with  O2 
and  N,  like  C.  "  ,,,:. 

We  may  add  that  Troost  and  Hautefeuille,  by  heating  amorphous  silicon':;^n  the 
vapour  of  SiCl4,  obtained  crystalline  silicon,  and  probably  at  the  same  time  Ibwer  com- 
pounds of  Si  and  CI  were  temporarily  formed.  In  the  vapour  of  TiCli  under  the  same 
conditions  crystalhne  titanium  is  formed  (Levy,  1892). 

^  This  alloy,  as  Beketofi  and  Cherikoff  showed,  is  easily  obtained  by  directly  heating 
finely  divided  silica  (the  experiment  may  be  conducted  in  a  test  tube)  with  magnesium 
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silicon  hydride  is  set  free,  together  with  hydrogen,  and  the  presence 
of  the  hydride  is  shown  by  the  fact  that  the  hydrogen  separated 
ignites  spontaneously  on  coming  into  contact  with  the  air,  forming 
water  and  silica.  The  formation  of  silicon  hydride  by  the  action 
of  hydrochloric  acid  on  magnesium  silicide  is  perfectly  akin  to  the 
formation  of  phnsphuretted  hydrogen  by  the  action  of  hydrochloric 
acid  on  calcium  phosphide,  to  the  formation  of  hydrogen  sulphide  by 
the  action  of  acids  on  many  metallic  sulphides,  and  to  the  formation 
of  hydrocarbons  by  the  action  of  hydrochloric  acid  on  white  cast 
iron.  On  heating  silicon  hydride — that  is,  on  passing  it  through  an 
incandescent  tube,  it  is  decomposed  into  silicon  and  hydrogen,  just  liKe 
the  hydrocarbons,  but  the  caustic  alkalis,  although  without  action 
on  the  latter,  react  with  silicon  hydride  according  to  the  equation  : 
SiH4  +  2KHO  +  H20=SiK203  +  4H.,. 

Silicon  chloride,  SiCl4,  is  obtained  from  amorphous  anhydrous  silica 
(made  by  igniting  the  hydrate)  mixed  with  charcoal,^  heated  to  a  white 

:Jipwder  (Chapter  XIV,,  Notes  17,  18).  The  substance  formed,  when  thrown  into  a  solu- 
tion of  hydrocliloric  acid,  evolves  spontaneously  inflammable  and  impure  silicon  hydride, 
Bo  that  the  self-inflammability  of  the  gas  is  easily  demonstrated  by  this  means. 

In  1^0-60  Wiililer  and  Buff  obtained  an  alloy  of  silicon  and  magnesium  by  the 
action  olfepdium  on  a  molten  mixture  of  magnesium  chloride,  sodium  silicofluoride, 
and    sodi^n'  chloride.      The    sodium    then   simultaneously  reduces    the  silicon    and 


magnesi^mt,* 

Frie^r  and  Ladenburg  subsequently  prepared  silicon  hydride  in  a,  pure  state,  and 
showed  that  it  is  not  spontaneously  inflammable  in  air,  at  the  ordinary  pressure,  but  that, 
like  PH5,  and  like  the  mixture  prepared  by  the  above  methods,  it  easily  takes  Are  in 
air  under  a  lower  pressure  or  when  mixed  with  hydrogen.  They  prepared  the  pure 
compound  in  the  following  manner :  Wbhier  showed  that  when  dry  hydrochloric  acid 
gas  is  passed  through  a  slightly  heated  tube  containing  silicon  it  forms  a  very  volatile 
colourless  liquid,  wliioh  fumes  strongly  in  air ;  this  is  a  mixture  of  silicon  chloride,  SiCl4, 
and  silicon  chloroform,  SiHCl;,  which  corresponds  with  ordinary  chloroform,  CHCI3. 
This  mixture  is  easily  separated  by  distillation,  because  silicon  chloride  boils  at  57°,  and 
silicon  chloroform  at  36°.  ^6e  formation  of  the  latter  will  be  understood  from  the 
equation  Si -F  3HC1  =  Hj -t- SittOlj.  It  is  an  anhydrous  inflammable  liquid  of  specific 
gravity  1"6.  It  forms  a  trahation  product  between  SiH4  and  SiCl4,  and  may  be  obtained 
from  silicon  hydride  by  the  action  of  chlorine  and  SbClft,  and  is  itself  also  transformed 
into  silicon  chloride  by  the  action'of  chlorine.  G-attermann  obtained  SiHCls  by  heating 
the  mass  obtained  after  the  action  (Note  4)  of  Mg  upon  SiOg,  in  a  stream  of  chlorine 
(with  HCl)  at  about  470°.  Friedel  and  Ladenburg,  by  acting  on  anhydrous  alcohol  with 
silicon  chloroform,  obtained  an  ethereal  compound  having  the  composition  SiH(OC.2ll5)o- 
This  ether  boils  at  136°,  and  when  acted  on  by  sodium  disengages  silicon  hydride,  and 
is  converted  into  ethyl  orthosilicate,  Si(OC2H5)4,  according  to  the  equation  4SiII(OCoH5)3 
=  SiH4  +  3Si(OCl2H5)4  (the  sodium  seems  to  be  unchanged),  which  is  exactly  similar 
to  the  decomposition  of  the  lower  oxides  of  phosphorus,  with  the  evolution  of  phos- 
phuretted  hydrogen,  if  we  designate  the  group  C2H5,  contained  in  the  silicon  ethers  by 
Et,  the  parallel  is  found  to  be  exact : 

4PH0(0H).,  =  PH3 -I-  3PO(OH)3  ;  4SiH(OEt)3  =  SiHi 4-  3Si(OEt)4. 

^  The  amorphous  silica  is  mixed  with  starch,  dried,  and  then  charred  by  heating  the 
mixture  in  a  closed  crucible.--  A  very  intimate  mixture  of  silica  and  charcoal  is  thus 
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heat  in  a  stream  of  dry  chlorine—that  is,  by  that  general  method  by  which 
many  other  chloranhydrides  having  acid  properties  are  obtained.  Silicon 
chloride  is  puritied  from  free  chlorine  by  distillation  over  metallic  mercury. 
Free  silicon  forms  the  same  substance  when  treated  with  dry  chlorine. 
It  is  a  volatile  colourless  liquid,  which  boils  at  59°  and  has  a  specific 
gravity  of  1-52.  It  fumes  strongly  in  air,  has  a  pungent  smell,  and  in 
general  has  the  characteristic  properties  of  the  acid  chloranhydrides. 
It  is  completely  decomposed  by  water,  forming  hydrochloric  acid  and 
silicic  acid,  according  to  the  equation  :  SiCl4  +  4B[20=Si(OH)4  +  4HCl.^ 

formed.  In  Chapter  XI.,  Note  13,  we  saw  that  elements  like  silicon  disengage  more 
heat  with  oxygen  than  with  clilorine,  and  therefore  their  oxygen  compounds  cannot  be 
directly  decomposed  by  clilorine,  but  that  this  can  be  effected  when  the  affinity  of  carbon 
for  oxygen  is  utilised  to  aid  the  action.  "When  the  mass  obtained  by  the  action  of  Mg 
upon  SiOo  is  heated  to  300°  in  a  current  of  clilorine,  it  easily  forms  SiCl4  (G-attermann) : 
besides  which  two  other  compounds,  corresponding  to  SiCl4,  are  formed,  namely: 
Si2Cl6,  which  boils  at  145°  and  solidifies  at  —1°,  and  SigClg,  which  boils  at  about  212°. 
These  substances,  which  answer  to  corresponding  carbon  compounds  (CoHg  and  CgHg), 
act  upon  water  and  form  corresponding  oxygen  compounds ;  for  instance,  Si2ClQ+4H20 
=  (Si02H)2  -i-  6HC1  gives  the  analogue  of  oxalic  acid  (C02H)2.  This  substance  is  insoluble 
in  water,  decomposes  under  the  action  of  friction  and  heat  with  an  explosion,  and  should 
be  called  sillco-oxalio  acid,  Si2H204  {see  later,  Note  11 '^■■}, 

■^  Silicon  chloride  shows  a  similar  behaviour  with  alcohol.  This  is  accompanied  by  a 
very  characteristic  phenomenon ;  on  pouring  silicon  cliloride  into  anhydrous  alcohol  a 
momentary  evolution  of  heat  is  observed,  owing  to  a  reaction  of  double  decomposition, 
but  this  is  immediately  followed  by  a  powerful  cooling  effect,  due  to  the  disengagement 
of  ii  large  amount  of  hydrochloric  acid — that  is,  there  is  an  absorption  of  heat  from  the 
formation  of  gaseous  hydrocliloric  acid.  This  is  a  very  instructive  example  in  this 
respect ;  here  two  processes  occurring  simultaneously — one  chemical  and  the  other 
physical — are  divided  from  each  other  by  time,  the  latter  process  showing  itself  by  a 
distinct  fall  in  temperature.  In  the  majority  of  cases  the  two  processes  proceed  simulta- 
neously, and  we  only  observe  the  difference  between  the  heat  developed  and  absorbed.  In 
acting  on  alcohol,  silicon  chloride  forms  ethyl  orthosilicate,  SiCl4+4HOC2H5  =  4HCl 
+  Si(OC2H5).j.  This  substance  boils  at  160°,  and  has  a  specific  gravity  0*94.  Another  salt, 
ethyl  metasilicate,  SiO(OC2H5)2,  is  also  formed  by  the  action  of  silicon  chloride  on  anhy- 
drous alcohol;  it  volatilises  above  800°,  having  a  sp.  gr.  1'08.  It  is  exceedingly  interest- 
ing that  these  two  ethereal  salts  are  both  volatile,  and  both  correspond  with  silica, 
Si02  :  the  first  ether  corresponds  to  the  hydrate  Si{0H)4,  orthosilic  acid,  and  the 
second  to  the  hydrate  SiO(OH)2,  metasilicic  acid.  As  the  nature  of  hydrates  may 
be  judged  from  the  composition  of  salts,  so  also,  with  equal  right,  can  ethereal  salts 
serve  the  same  purpose.  The  composition  .of  an  ethereal  salt  corresponds  with  that 
of  an  acid  in  which  the  hydrogen  is  replaced  by  a  hydrocarbon  radicle — for  instance,  by 
C.2H5.  And,  therefore,  it  may  be  truly  said  that  there  exist  at  least  the  two  silicic  acids 
above  mentioned.  We  shall  afterwards  see  that  there  are  really  several  such  hydrates ; 
that  these  ethereal  salts  actually  correspond  with  hydrates  of  silica  is  clearly  shown 
from  the  fact  that  they  are  decomposed  by  water,  and  that  in  moist  air  they  give 
alcohol  and  the  corresponding  hydrate,  although  the  hydrate  which  is  obtained  in  the 
residue  always  corresponds  with  the  second  ethereal  salt  only — that  is,  it  has  the 
composition  SiO{OH)2;  this  form  corresponds  also  to  carbonic  acid  in  its  ordinary  salts. 
This  hydrate  is  formed  as  a  vitreous  mass  when  the  ethyl  silicates  are  exposed  to  air, 
owing  to  the  action  of  the  atmospheric  moisture  on  them.     Its  specific  gravity  is  1*77. 

Silicon  bromide,  SiBr4,  as  well  as  silicon  bromoform,  SiHBr3,  are  substances  closely 
resembling  the  chlorine  compounds  in  their  reactions,  and  they  are  obtained  in  the  same 


SILICON  AND  THE  OTHER  ELEMENTS  OF  THE  EOUETH  GROUP      105 

The  most  remarkable  of  the  haloid  compounds  of  silicon  is  silicon. 
Jlvoride,  SiFj.  It  is  a  gaseous  substance  only  liquefied  by  intense  cold, 
-100°,  and  is  obtained  (Chapter  Xt.)  directly  by  the  action  of  hydro- 
iluoric  acid  on  silica  and  its  compounds  (SiO^  +  4HF=2H20  +  SiF4),  and 
also  by  heating  fluorspar  with  silica  (2CaF2  +  3Si02  =  2CaSi03  +  SiFN^).?^^ 
In  order  to  prepare  silicon  fluoride,  sand  or  broken  glass  is  mixed  with 
an  equal  quantity  by  weight  of  fluorspar  and  6  parts  by  weight  of 
strong  sulphuric  acid,  and  the  mixture  is  gently  heated.  It  fumes 
strongly  in  air,  reacting  with  the  aqueous  vapours,  although  it  is  pro- 
duced from  silica  and  hydrofluoric  acid  with  the  separation  of  water. 
It  is  evident  that  a  reverse  reaction  occurs  here  ;  that  is  to  say, 
the  water  reacts  with  the  silicon  fluoride,  but  the  reaction  is 
not  complete.  This  phenomenon  is  similar  to  that  which  occurs 
when  water  decomposes  aluminium  chloride,  but  at  the  same  time 
hydrochloric  acid  dissolves  aluminium  hydroxide  and  forms  the  same 
aluminium  chloride.  The  relative  amount  of  water  present  (together 
with  the  temperature)  determines  the  limit  and  direction  of  the 
reaction.  The  faculty  which  silicon  fluoride  has  of  reacting  with 
water  is  so  great  that  it  takes  up  the  elements  of  water  from  many 
substances — for  instance,  like  sulphuric  acid,  it  chars  paper.  Water 
dissolves  about  300  volumes  of  this  gas,  but  in  this  case  it  is  not  a 
common  dissolution  which  takes  place,  but  a  reaction.  During  the  first 
absorption  of  silicon  fluoride  by  water,  silicic  acid  is  separated  in  the 
form  of  a  jelly,  but  a  certain  quantity  of  the  silicon  fluoride  also 
remains  in  the  liquid,  because  the  hydrofluoric  acid  formed  dissolves 
the  other  part  of  the  silica  ^  and  forms  the  so-called  hydrojiuosilicic 

manner.  Silicon  iodoform,  SiHIg,  boils  at  about  220°,  has  a  specific  gravity  of  3"4, 
reacts  in  the  same  manner  as  silicon  cUoroform,  and  is  formed,  together  with  silicon  iodide, 
Sil4,  by  the  action  of  a  mixture  of  hydrogen  and  hydriodic  acid  on  heated  silicon.  Silicon 
iodide  is  a  solid  at  the  ordinary  temperature,  fusing  at  about  120°  ;  it  may  be  distilled  in 
a  stream  of  carbonic  anhydride,  but  easily  takes  fire  in  air,  and  behaves  with  water  and 
other  reagents  just  like  silicon  chloride.  It  may  be  obtained  by  the  direct  action  of  the 
vapour  of  iodine  on  heated  silicon.  Besson  (1891)  also  obtained  SiClsI  (boils  at  113°), 
SiCl2l2  (172°),  and  SiClIs  (220°),  and  the  corresponding  bromine  compounds.  All  the 
halogen  compounds  of  Si  are  capable  of  absorbing  6NH3  and  more.  Besides  which 
Besson  obtained  SiSClo  by  heating  Si  in  the  vapour  of  cliloride  of  sulphur;  this 
compound  melts  at  74°,  boils  at  185°,  and  gives  with  water  the  hydrate  of  SiOo,  HCl, 
and  HjS. 

^  This  property  of  calcium  fluoride  of  converting  silica  into  a  gas  and  a  vitreous  fusible 
slag  of  calcium  silicate  is  frequently  taken  advantage  of  in  the  laboratory  and  in  practice 
in  order  to  remove  silica.  The  same  reaction  is  employed  for  preparing  silicon  fluoride 
on  a  large  scale  in  the  manufacture  of  hydrofluosilicic  acid  (see  sequel). 

^  The  amount  of  heat  developed  by  the  solution  of  silicic  acid,  SiOawHgO,  in  aqueous 
hydrofluoric  acid,  xH'Fn'S.^O^  increases  with  the  magnitude  of  x  and  normally  equals 
ic5,600  heat  units,  where  x  varies  between  1  and  8.  However,  when  a:  =  10  the  maximum 
amount  of  heat  is  developed  (  =  -49,500  units),  and  beyond  that  the  amount  decreases 
(Thomson). 
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acid:  H2Sir6=SiF4  +  2HF=SiH203  +  6HF— SH^O.  That  is  to  say, 
a  metasilicic  acid,  SiHaO^,  in  which  O..,  is  replaced  by  F,;.  This 
view  of  the  composition  of  hydrofluosilicic  acid  may  be  admitted, 
because  it  forms  a  whole  series  of  crystallisable  and  well  defined 
salts.  In  general,  the  whole  reaction  of  water  on  silicon  fluoride  may 
be  expressed  by  the  equation  :  3SiF4  -  3H20=SiO(OH)2  +  2SiH2F5. 
Hydrofluosilicic  acid  and  silicic  acid  resemble  each  other  as  much,  and 
differ  as  much,  in  their  chemical  character  as  water  and  hydrofluoric 
acid.  For  this  reason  silicic  acid  is  a  feebler  acid  than  hydrofluosilicic 
acid,  and  in  addition  to  this  the  former  is  insoluble,  and  the  latter 
soluble,  in  water.'"  Hydrofluosilicic  acid  is  also  formed  if  silicic  acid 
be  dissolved  in  a  solution  of  hydrofluoric  acid.  It  is  incapable  of 
volatilising  without  decomposition,  and  on  heating  the  concentrated 
acid  silicon  fluoride  is  evolved,  leaving  an  aqueous  solution  of  hydro- 
fluoric acid.  This  is  the  reason  why  solutions  of  hydrofluosilicic  acid 
corrode  glass.  This  decomposition  may  be  further  accelerated  by  the 
addition  of  sulphuric  acid,  or  even  of  other  acids.  Hydrofluosilicic  acid, 
when  acting  on  potassium  and  barium  salts,  gives  precipitates,  because 
the  salts  of  these  metals  are  but  sparingly  soluble  in  water :  thus 
2KX  +  H2SiF6=2HX  +  K2SiFo.     The  potassium  salt  is   obtained  in 

1^  111  reality,  however,  it  would  seem  that  the  reaction  is  still  more  complex,  because 
the  aqueous  solution  of  silicon  fluoride  does  not  yield  a  hydrate  of  silica,  but  a  fluo- 
liydrate  (Schiff),  Si205(OH)F,  corresponding  to  the  (pyro)  hydrate  SiaOjlOH),,  equal  to 
SiO(OH)2Si0.2,  so  that  the  reaction  of  silicon  fluoride  on  water  ia  expressed  by  the  equa- 
tion :  5SiF4-l-4H;aO  =  3SiH2Fe  +  Si205(OH)P  +  HP.  However,  Berzelius  states  that  the 
hydrate,  when  well  washed  with  water,  contains  no  fluorine,  which  is  probably  due  to  the 
fact  that  an  excess  of  water  decomposes  SioOsfOHjF,  forming  hydrofluoric  acid  and  the 
compound  Si203(OH)2.  Water  saturated  with  silicon  fluoride  disengages  silicon  fluoride 
and  hydrofluoric  acid  when  treated  with  hydrochloric  acid,  the  gelatinous  precipitate  being 
simultaneously  dissolved.  It  may  be  further  remarked  that  hydrofluosilicic  acid  has  been 
frequently  regarded  as  SiOj.GHF,  because  it  is  formed  by  the  solution  of  silica  in  hydro- 
fluoric acid,  but  only  two  of  these  six  hydrogens  are  replaced  by  metals.  On  concentra- 
tion, solutions  of  the  acid  begin  to  decompose  when  they  reach  a  strength  of  6H2O 
per  HjSiFg,  and  therefore  the  acid  may  be  regarded  as  Si(OH)4,2H20,6HP,  but  the  cor- 
responding salts  contain  less  water,  and  there  are  even  anhydrous  salts,  E2SiP6,  so  that 
the  acid  itself  is  most  simply  represented  as  HoSiPg. 

If  gaseous  silicon  fluoride  be  passed  directly  into  water,  the  gas-conducting  tube  be- 
comes clogged  with  the  precipitated  silicic  acid.  This  is  best  prevented  by  immersing  the  ■ 
end  of  the  tube  under  mercui-y,  and  then  pouring  water  over  the  mercury ;  the  silicon 
fluoride  then  passes  through  the  mercury,  and  only  comes  into  contact  with  the  water  at 
its  surface,  and  consequently  the  gas-conducting  tube  remains  unobstructed.  The  silicic 
acid  thus  obtained  soon  settles,  and  a  colourless  solution  with  a  pleasant  but  distinctly 
acid  taste  is  procured. 

Mackintosh,  by  taking  9  p.c.  of  hydrofluoric  acid,  observed  that  in  the  course  of  an 
hour  its  action  on  opal  attained  77  p.c.  of  the  possible,  and  did  not  exceed  li  p.c.  of  its 
possible  action  on  quartz  during  the  same  time.  This  shows  the  difference  of  the 
structure  of  these  two  modifications  of  silica,  which  will  be  more  fully  described  in  the 
"sequel. 
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the  form  of  very  fine  ootahedra,  but  the  precipitate  does  not  form- 
quickly,  and  at  first  appears  as  a  jelly.  Nevertheless,  the  decomposi- 
tion is  complete,  and  it  is  taken  advantage  of  for  obtaining  their  corre- 
sponding acids  from  salts  of  potassium.'"  '"'^ 

Silicon,  having  so  much  in  common  with  carbon,  is  also  able  to- 
combine  with  it  in  the  proportion  given  by  the  law  of  substitution, 
that  is,  it  forms  a  carbide  of  silicon  CSi,  called  carborundum  and 
obtained  by  Muhlhauser  and  Acheson  in  the  United  States,  and  by 
Moissan  in  France  (1891),  and  others,  by  reducing  silica  with  carbon  in 
the  electi-ical  furnace  at  a  temperature  of  about  2500°  ",  i.e.  by  the 
action  of  an  electrical  current  upon  a  mixture  of  carbon  and  SiOg 
with  NaCl.  After  treating  the  resultant  mass  with  acids  and  washing^ 
with  water,  carborundum  is  obtained  in  transparent,  lustrous  grains- 
of  a  greenish  color,  possessing  great  hardness  (greater  than  corundum) 
and  therefore  used-for  polishing  the  hardest  kinds  of  steel  and  stones. 
The  specific  gravity  is  about  3-1.  Carborundum  does  not  alter  at  a 
red  heat,  does  not  burn,  and  apparently  approaches  the  diamond  in 
its  properties.  (Moissan  obtained,  1894,  a  similar  very  hard  com- 
pound for  boron,  BgC,  sp.  gr.  2-5.) 

According  to  the  principle  of  substitution,  if  silicon  forms  SiH4, 
a  series  of  hydrates,  or  hydroxyl  derivatives,  ought  to  exist 
corresponding  to  it.  The  first  hydrate  of  an  alcoholic  character 
ought  to  have  the  composition  SiH3(0H)  ;  the  second  hydrate 
SiH2(OH)2 ;  the  third,  SiH(0H)3 ;  "  "s  and  the  last,  Si(0H)4.     The 

10 bis  The  sodium  salt  is  far  more  soluble  in  water,  and  crystallises  in  the  hexagonal 
system.  The  magnesium  salt,  MgSiFg,  and  calcium  salt  are  soluble  in  water.  The 
salts  of  hydrofluo  silicic  acid  may  be  obtained  not  only  by  the  action  of  the  acid  on  bases 
or  by  double  decompositions,  but  also  by  the  action  of  hydrofluoric  acid  on  metallic 
silicates.  Sulphuric  acid  decomposes  them,  with  evolution  of  hydrofluoric  acid  and 
silicon  fluoride,  and  the  salts  when  heated  evolve  silicon  fluoride,  leaving  a  residue  of 
metallic  fluoride,  K^Fs- 

^^  See  Note  4  bis.  Probably  Schiitzenberger  had  already  obtained  CSi  in  his. 
researches  together  with  other  silicon  compounds.  An  amorphous,  less  hard  compound 
of  the  same  alloy  is  also  obtained  together  with  the  hard  crystalline  CSi. 

11  bis  The  following' consideration  is  very  important  in  explaining  the  nature  of  the  lower 
hydrates  which  are  known  for  silicon.  If  we  suppose  water  to  be  taken  up  from  the  first 
hydrates  (just  as  formic  acid  is  CH(0H)5,  minus  water),  we  shall  obtain  the  various 
lower  hydrates  corresponding  with  silicon  hydride.  "When  ignited  they  should,  like 
phosphorous  and  hypophosphorous  acids,  disengage  silicon  hydride,  and  leave  a  residue 
of  silica  behind — i.e.  of  the  oxide  corresponding  to  the  highest  hydrate — just  as  organic 
hydrates  (for  example,  formic  acid  with  an  alkali)  form  carbonic  anhydride  as  the  highest 
oxygen  compound.  Such  imperfect  hydrates  of  silicon,  or,  more  correctly  speaking,  of 
silicon  hydride,  were  first  obtained  by  "Wbhler  (1863)  and  studied  by  Geuther  (1865),  and 
were  named  after  their  characteristic  colours.     {See  Note  6). 

Leucone  is  a  white  hydrate  of  the  composition  SiH(OH)g.  It  is  obtained  by  slowly 
passing  the  vapour  of  silicon  chloroform  into  cold  water :  SiHCls  +  SHgO  =  SiH(0H)3  +  3HC1. 
But  this  hydrate,  like  the  corresponding  hydrate  of  phosphorus  or  carbon,  does  not 
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last  is  a  hydrate  of  silica,  because  it  is  equal  to  SiOj  +  SH^O  ;  and  it 
is  formed  by  the  action  of  water  on  silicon  chloride,  when  all  four 
atoms  of  chlorine  are  replaced  by  four  hydroxyl  groups.  It  does  not, 
however,  remain  in  this  state,  but  easily  loses  part  of  its  water. 

Silica  or  silicic  anhydride,  both  in  the  free  state  and  in  combination 
with  other  oxides,  enters  into  the  composition  of  most  of  the  rocky 
formations  of  the  earth's  crust.  These  silicious  compounds  are  sub- 
stances varying  so  much  in  their  properties,  crystalline  forms,  and  rela- 
tions to  one  another  that  they  are  comprised  in  a  special  branch  of 
natural  science  (like  the  carbon  compounds),  and  are  treated  of  in 
works  on  mineralogy  ;  so  that,  in  dealing  with  them  further,  we  shall 
only  give  a  short  description  of  these  various  compounds.  It  is  first 
of  all  necessary  to  turn  to  the  description  of  silica  itself,  especially  as 
it  is  not  unfrequently  met  with  in  nature  in  a  separate  state,  and  often 
forms  whole  masses  of  rocky  formations,  called  '  quartz.'  In  an  anhy- 
drous condition  silica  appears  in  the  greatest  variety  of  natural  forms — 
sometimes  in  well-formed  crystals,  hexagonal  prisms,  terminated  by 
hexagonal  pyramids.  If  the  crystals  are  colourless  and  transparent, 
they  are  called  rock  crystal.  This  is  the  purest  form  of  silica.  Pris- 
matic crystals  of  rock  crystal  sometimes  attain  considerable  size,  and 
as  they  are  remarkable  for  their  unchangeability,  great  hardness,  and 
high  index  of  refraction,  they  are  used  for  ornaments,  for  seals, 
making  necklaces,  ctc.'^     Rock  crystal  coloured  with  organic  matter  in 

remain  in  this  state  of  hydi-ation,  but  loses  a  portion  of  its  water.  The  carbon  hydrate  of 
this  nature,  CH(0H)5,  loses  water  and  forms  formic  acid,  CHO(OH) ;  but  the  silicon 
hydi'ate  loses  a  still  greater  proportion  of  water,  2SiH(OH)5,  parting  with  3H2O,  and 
consequently  leaving  SioHoOj.  Tliis  substance  must  be  an  anhydride  ;  all  the  hydrogen 
previously  in  the  form  of  hydroxyl  has  been  disengaged,  two  remaining  hydrogens  being 
left  from  SiH^.  The  other  similar  hydrate  is  also  white,  and  has  the  composition  SijHjO 
(neaiiy).  It  may  be  regarded  as  the  above  white  hydi'ate  -h  SiO^,  A  yellow  hydrate, 
known  as  chryseone  (silicone),  is  obtained  by  the  action  of  hydrochloric  acid  on  an  alloy 
of  silicon  and  calcium ;  its  composition  is  about  Si6H405.  Most  probably,  however, 
chryseone  has  a  more  complex  composition,  and  stands  in  the  same  relation  to  the  hydrate 
SiH2(OH)5  as  leucone  does  to  the  hydrate  SiH(0H)3,  because  this  very  simply  expresses 
the  transition  of  the  first  compound  into  the  second  with  the  loss  of  water, 
SiH,(0H)3  -  H2  -I-  HoO  =  SiH(0H)3.  Wlien  these  lower  hydrates  are  ignited  without 
access  of -air,  they  are  decomposed  into  hydrogen,  silicon,  and  silica— that  is,  it  may  be 
supposed  that  they  form  silicon  hydride  (which  decomposes  into  silicon  and  hydrogen) 
and  silica  (just  as  phosphorous  and  hypophosphorous  acids  give  phosphoric  acid  and 
phosphuretted  hydrogen).  When  ignited  in  air,  they  burn,  forming  silica.  Tliey  are 
none  of  them  acted  on  by  acids,  but  when  treated  with  alkalis  they  evolve  hydrogen  and 
give  silicates ;  for  example,  leucone  ;  SiHoOs  +  4KH0  =  SSiKjOs  +  H^O  -I-  2H2.  Tbey 
have  no  acid  properties. 

1-  Two  modifications  of  rock  crystal  are  kno^vn.  They  are  very  easily  distinguished 
from  each  other  by  their  relation  to  polarised  light ;  one  rotates  the  plane  of  polarisation 
to  the  right  and  the  other  to  the  left — in  the  one  the  hemihedral  faces  are  right  and  in 
the  other  they  are  left ;  this  opposite  rotatory  power  is  taken  advantage  of  in  the  con- 
struction of  polarisers.    But,  with  this  physical  difference — which  is  naturally  dependent 
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contact  with  which  it  has  been  produced  has  a  brown  or  greyish  colour, 
and  then  bears  the  name  of  cairngorm  or  smoky  quartz.  In  this  form  it 
has  the  same  uses  as  rock  crystal,  especially  as  it  is  often  found  in  large 
masses.  The  same  mineral,  frequently  occurs,  coloured  red  or  pink  by 
manganese  or  iron  oxides,  especially  in  aqueous  formations,  and  is 
then  known  as  amethyst.  When  finely  coloured  the  amethyst  is  used 
as  a  precious  stone,  but  amethysts  most  frequently  occur  as  small 
crystals  in  the  cavities  formed  in  other  rocky  formations,  and  espe- 
cially in  those  formed  in  silica  itself.  A  similar  anhydrous  silica 
is  often  found  in  transparent  non-crystalline  masses,  having  the 
same  specific  gravity  as  rock  crystal  itself  (2-66).  In  this  case  it 
is  called  quartz.  Sometimes  it  forms  complete  rocky  formations,  but 
more  often  penetrates  or  is  interspersed  through  other  rocky  forma- 
tions, together  with  other  siliceous  compounds.  Thus,  in  granite, 
quartz  is  mixed  with  felspar  and  similar  substances.  Sometimes  the 
colouring  of  quartz  is  so  considerable  that  it  is  hardly  transparent  in 
thin  sheets,  but  it  is  often  found  in  transparent  masses  slightly  coloured 
with  various  tints.  The  existence  in  nature  of  enormous  masses  of  quartz 
proves  that  it  resists  the  action  of  water.  When  water  destroys  rocky 
formations,  the  siliceous  minerals  which  they  contain  are  partly  dis- 
solved and  partly  transformed  into  clay,  &c.  But  the  quartz  remains 
untouched,  in  the  form  of  grains  in  which  it  existed  in  the  rocky 
formation  ;  sometimes,  when  crushed,  it  is  carried  away  by  the  water 
and  deposited.  This  is  the  nature  of  sand.  Naturally,  sometimes 
other  rocky  substances  which  are  not  changed  by  water,  or  only 
slightly  acted  on  by  it,  are  found  in  sand  ;  but  as  these  latter  are  more 
or  less  changed  by  the  continuous  action  of  water,  it  is  not  unusual  to 
find  sand  which  consists  almost  entirely  of  pure  quartz.  Common  sand 
is  generally  coloured  yellow  or  reddish-brown  by  foreign  mineral  matter, 
consisting  principally  of  ferruginous  minerals  and  clays.  The  purest 
or  so-called  quartz  sand  is,  however,  rarely  found,  and  is  recognised  by 
the  absence  of  colour,  and  also  by  the  test  that  when  shaken  in  water 
it  does  not  form  any  turbidity  :  this  shows  the  absence  of  clay  ;  when 
fused  with  bases  it  forms  a  colourless  glass,  and  on  this  account  is  a 
valuable  mateiial  for  the  manufacture  of  glass.  Sands  were  formed  at 
all  periods  of  the  earth's  existence ;  the  ancient  ones,  compressed  by 
strata  of  more  recent  formation  and  permeated  with  various  substances, 
(deposited  from  the  infiltrating  water),  are   sometimes   solidified  into 

on  a  certain  difference  in  the  distribution  of  the  molecules — there  is  not  only  no  observ- 
able difference  in  the  chemical  properties,  but  not  even  in  the  density  of  the  mass.  Per- 
fectly pure  rook  crystal  is  a  substance  which  is  most  invariable  with  respect  to  its  specific 
gravity.  The  numerous  and  accurate  determinations  made  by  Steinheil  on  the  specific 
gravity  of  rock  crystal  show  that  (if  the  crystal  be  free  from  fiaws)  it  is  very  constant, 
and  is  equal  to  2'66. 
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Tock,  called  satidstone,  composing,  iu  some  places,  whole  mountaiB 
chains,  and  serviceable  as  a  most  excellent  building  material,  on  account 
of  the  slight  change  it  undergoes  under  the  influence  of  atmospheric 
agencies,  and  on  account  of  the  facility  with  which  it  may  be  wrought 
from  rocky  formations  into  immense  regularly -shaped  flags — the  latter 
property  is  due  to  the  primary  laminar  structure  of  the  sand  formations 
deposited,  as  above-mentioned,  by  water.  Many  grindstones  and  whet- 
stones are  made  from  such  rocks. 

Perfectly  pure  anhydrous  silica  is  not  only  known  in  the  con- 
dition of  rook  crystal  and  quartz  having  a  specific  gravity  of  2-6,  but 
also  in  another  special  form,  having  other  chemical  and  physical  pro- 
perties. This  variety  of  silica  has  a  specific  gravity  of  2-2,  and  is 
formed  by  fusing  rock  crystal  or  heating  silicic  acid.""''^  Silicic  acid, 
twhen  heated  to  a  dull  red  heat,  parts  entirely  with  the  water  it 
contains,  and  leaves  an  exceedingly  fine  amorphous  mass  of  silica  (easily 
levigated,  but  difficult  to  moisten)  ;  it  is  characterised  by  such  excessive 
friability  that,  when  lightly  blown  on,  a  large  mass  of  it  rises  into  the 
air  like  a  cloud  of  dust.  A  mass  of  anhydrous  silica  maybe  poured  in 
this  way  from  one  vessel  to  another  like  a  liquid,  and  like  the  latter  it 
takes  a  horizontal  position  in  the  vessel  containing  it.''  Anhydrous 
silica,  like  quartz,  does  not  fuse  in  the  heat  of  a  furnace,  but  it  fuses  in 
the  oxy hydrogen  flame  to  a  colourless  glassy  mass  exactly  similar  to  that 
formed  in  the  same  way  from  rock  crystal.  In  this  condition  silica  has 
a  specific  gravity  of  2-2.''*'^^     Both  forms  of  silica  are  insoluble  in 

12  bis  Several  other  modifications  are  known  as  minute  crystals.  For  example,  there 
is  a  particular  mineral  first  found  in  Styria  and  known  as  tridymite.  Its  specific  gravity 
2*3  and  form  of  crystals  clearly  distinguish  it  from  rock  crystal ;  its  hardness  is  the  same 
as  that  of  quartz — that  is,  slightly  below  that  of  the  ruby  and  diamond. 

15  There  is  a  distinct  rise  of  temperature  (about  4°)  when  amorphous  sihca  is 
moistened  with  water.  Benzene  and  amyl  alcohol  also  give  an  observable  rise  of 
temperature.     Charcoal  and  sand  give  the  same  result,  although  to  a  less  extent. 

IS  bis  Sihca  also  occurs  in  nature  in  two  modifications.  The  opal  and  tripoli 
(infusorial  earth)  have  a  specific  gravity  of  about  2*2,  and  are  comparatively  easily 
soluble  in  alkalis  and  hydrofluoric  acid.  Chalcedony  and  flint  (tinted  quartzose 
concretions  of  aqueous  origin),  agate  and  similar  forms  of  silica  of  undoubted  aqueous 
■origin,  although  still  containing  a  certain  amount  of  water,  have  a  specific  gravity  of  2*6, 
and  correspond  with  quartz  in  the  difiiculty  with  which  they  dissolve.  This  foi*m  of 
silica  sometimes  permeates  the  cellulose  of  wood,  forming  one  of  the  ordinary  kinds  of 
petrified  wood.  The  sihca  may  be  extracted  from  it  by  the  action  of  hydrofluoric  acid, 
and  the  cellulose  remains  behind,  which  clearly  shows  that  silica  in  a  soluble  form  (see 
sequel)  has  permeated  into  the  cells,  where  it  has  deposited  the  hydrate,  wljich  has  lost 
water,  and  given  a  silica  of  sp.  gr.  2*6.  The  quartzose  stalactites  found  in  certain  caves 
are  also  evidently  of  a  similax  aqueous  origin;  their  sp.  gr.  is  also  ^*6.  As  crystals 
■of  amethyst  are  frequently  found  among  chalcedonies,  and  as  Friedau  and  Sarrau  (1879) 
obtained  crystals  of  rock  crystal  by  heating  soluble  glass  with  an  excess  of  hydrate  of 
silica  in  a  closed  vessel,  there  is  no  doubt  but  that  rock  crystal  itself  is  formed  in  the 
wet  way  from  the  gelatinous  hydrate.     ChroustchofE  obtained  it  directly  from  soluble 
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ordinary  acids,  and  even  when  they  are  in  the  state  of  powder, 
alkalis  in  solution  act  very  slowly  and  feebly  on  them  ;  rock  crystal, 
oflfers  much  greater  resistance  to  the  action  of  alkalis  than  the 
powder  obtained  by  heating  the  hydrate.  The  latter  is  quite  soluble, 
although  but  slowly,  in  hot  alkaline  solutions.  This  last  property 
appertains  in  a  greater  degree  to  anhydrous  silica  having  a  specific 
gravity  of  2'2  than  to  that  which  has  a  specific  gravity  of  2'6.  Hydro- 
tiuoric  acid  more  easily  transforms  the  former  into  silicon  fluoride  than 
it  does  the  latter.  Both  varieties  of  silica,  when  taken  in  the  form  of 
powder,  easily  combine  with  bases,  forming,  on  being  fused  with 
an  alkali,  a  vitreous  slag,  which  is  a  salt  corresponding  with  silica. 
Glass  is  such  a  salt,  formed  of  alkalis  and  alkaline  earthy  bases  ;  if 
the  glass  does  not  contain  any  of  the  latter — that  is,  if  only  alkaline 
glass  be  taken — a  mass  soluble  in  water  is  obtained.  In  order  to  obtain 
such  soluble  glass,  potassium  or  sodium  carbonates,  or  better  a  mixture 
of  the  two  (fusion  mixture),  is  fused  with  fine  sand.  A  still  better 
and  further  saturation  of  the  alkalis  with  silica  is  efTected  by  the  action 
of  alkaline  solutions  on  the  silicon  hydrate  met  with  in  nature  ;  for 
instance,  an  alkaline  solution  is  often  made  use  of  to  act  on  the  so- 
called  tripoli,  or  collection  of  siliceous  skeletons  of  the  lowest  micro- 
scopical infusoria,  which  is  sometimes  found  in  considerable  layers  in 
the  form  of  a  sandy  mass.  Tripoli  is  used  for  polishing,  not  only  on 
account  of  the  considerable  hardness  of  the  silica,  but  also  because 
the  microscopic  bodies  of  the  infusoria  have  a  pointed  shape,  which, 
however,  is  not  angular,  so  that  they  do  not  scratch  metals  like 
sand.'''  The  alkaline  solutions  of  silica  obtained  by  boiling  tripoli  with 
caustic  soda  under  pressure  contain  various  proportions  of  silica 
and  alkali. ''"='^     In  order  that  it  may  contain  the  greatest  amount  of 

silica.  Thus  this  hydrate  is  able  to  form  not  only  the  variety  having  the  specific  gravity 
2'2  but  also  the  more  stable  variety  of  sp.  gr.  2-6  ;  and  both  exist  with  a  small  pro- 
portiou  of  water  and  in  a  perfectly  anhydrous  state  in  an  amorphous  and  crystalline 
form.  All  these  facts  are  expressed  by  recognising  silica  as  dimorphous,  and  their 
cause  must  be  looked  for  in  a  difference  in  the  degree  of  polymerisation. 

1^  Deposits  of  perfectly  white  tripoli  have  been  discovered  near  Batoum,  and  might 
prove  of  some  commercial  importance. 

14  bis  Alkaline  solutions,  saturated  with  silica  and  known  as  soluble  glass,  are  pre- 
pared on  a  large  scale  for  technical  purposes  by  the  action  of  potassium  (or  sodium) 
hydroxide  in  a  steam  boiler  on  tripoli  or  infusorial  earth,  which  contains  a  large  propor- 
tion of  amorphous^ silica.  All  solutions  of  the  alkaline  silicates  have  an  alkaline  reaction 
and  are  even  decomposed  by  carbonic  acid.  They  are  chiefly  used  by  the  dyer,  for  the 
same  purposes  as  sodium  aluminate,  and  also  for  giving  a  hardness  and  polish  to  stucco 
and  other  cements,  and  in  general  to  substances  which  contain  lime.  A  lump  of  chalk 
when  immersed  in  soluble  glass,  or  better  still  when  moistened  with  a  solution  and 
afterwards  washed  in  water  (or  better  in  hydrofluosilicic  acid,  in  order  to  bind  together 
the  free  alkali  and  make  it  insoluble),  becomes  exceedingly  hard,  loses  its  friability,' 
is  rendered   cohesive,  and    odlhnot   be   levigated    in    water.      This    transformation  is' 
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silica,  silicic  acid    should    be    added   to   the    heated  solution.     Silicic 

acid  is  formed    by   taking  any  solution    containing  silica  and  alKali, 

and   adding   to   it,    by    degrees,    some    acid — for    instance,    sulphuric 

or    hydrochloric  ;    if   the    expei-iment    be    carried    on    carefully    and 

the    solution    be   concentrated,  the    whole    mass   thickens    to  a  jelly, 

due    to   the    gelatinous    form   of  the   ti/icic  fichl  separated   from  the 

salt  by  the  action  of  the  acid.     The  decomposition  may  be  expressed 

by    the    following    equation:       Si(OXa)4  +  4HCl  =  4NaCl  +  Si(OH)4. 

The  hydrate  separated,   Si(OH)j,  easily  loses  part  of   the  water  and 

forms  a  jelly,    the  whole  mass  gelatinising  if  the  solution  be  strong 

enough.'-' 

Neither  of  the  two  varieties   of   anhydrous  silica,  nor  the  various 

natural  gelatinous  hydrates,  are  directly  soluble  in  water.     There  is, 

however,    a    condition   of   silica   known    which   is   soluble   in    water, 

due  to  the  fact  that  the  hydrate  of  silica  present  in  the  solution  acts  upon  the  lime, 
forming  a  stony  mass  of  calcium  silicate,  whilst  the  carbonic  acid  previously  in  com- 
bination with  the  lime  enters  into  combination  with  the  alkali  and  is  washed  away  by 
the  water. 

15  The  equation  given  above  does  not  express  the  actual  reaction,  for  in  the  first 
place  silica  has  the  faculty  of  forming  compounds  with  bases,  and  therefore  the  for- 
mula SiNa404  is  not  rightly  deduced,  if  one  may  so  express  oneself.  And,  in  the  second 
place,  silica  gives  several  hydrates.  In  consequence  of  this,  the  hydrate  precipitated 
does  not  actually  contain  so  high  a  proportion  of  water  as  Si(0H)4,  but  always  less. 
The  insoluble  gelatinous  hydrate  which  separates  out  is  able  (before,  but  not  after, 
having  been  dried)  to  dissolve  in  a  solution  of  sodium  carbonate.  "When  dried  in  air  its 
composition  corresponds  with  the  ordinary  salts  of  carbonic  acid — that  is,  SiH205,  or 
SiO{OH}2.  If  gradually  heated  it  loses  water  by  degrees,  and,  in  so  doing,  gives  various 
degrees  of  combination  with  it.  The  existence  of  these  degrees  of  hydration,  having  the 
composition  SiHgO^HSiOs,  or,  in  general,  JiSiO^wiHaO,  where  m<:n,  must  be  recognised, 
because  most  varied  degrees  of  combination  of  silica  with  bases  are  known.  The 
hydrate  of  silica,  when  not  dried  above  80°,  has  a  composition  of  nearly  11481308 
=  (H2Si03)2Si02,  but  at  60°  contains  a  greater  proportion  of  silica — that  is,  it  loses  stiU 
more  water ;  and  at  lOO^--  a  hydrate  of  the  composition  SiH.,032Si02,  and  at  250°  a 
hydrate  having  approximately  a  composition  SiH2037Si02  is  obtained. 

These  data  show  the  complexity  of  the  molecules  of  anhydrous  silica.  The  hydrates 
of  silica  easily  lose  water  and  give  the  hydrates  (Si02)/.(BU0)»i,  where  m  becomes 
smaller  and  smaller  than  n.  In  the  natural  hydrates,  this  decrement  of  water  proceeds 
quite  consecutively,  and,  so  to  say,  imperceptibly,  until  n  becomes  incomparably  greater 
than  m,  and  when  the  ratio  becomes  very  large,  anhydrous  silica  of  the  two  modifications 
2-6  and  2-2  is  obtained.  The  composition  (SiOjJiojHoO  stiU  corresponds  with  2-9  p.e.  of 
water,  and  natural  hydrates  often  contain  still  less  water  than  this.  Thus  some  opals 
are  known  which  contain  only  1  p.c.  of  water,  whilst  others  contain  7  and  even  10  p.c 
As  the  artificially  prepared  gelatinous  hydrate  of  silica  when  dried  has  many  of  the 
properties  of  native  opals,  and  as  this  hj'drate  always  loses  water  easily  and  con- 
tinually, there  can  be  no  doubt  that  the  transition  of  (Si02)«(H20n,)  into  anhydrous 
silica,  both  amorphous  and  crystalline  (in  nature,  chalcedony),  is  accomplished  gradually. 
This  can  only  be  the  case  if  the  magnitude  of  n  be  considerable,  and  therefore  the 
molecule  of  silica  in  the  hydrate  is  undoubtedly  complex,  and  hence  the  anhydrous 
siUca  of  sp.  gr.  2-2  and  2-6  does  not  contain  SiO.2,  but  a  complex  molecule,  Si„02n— that 
is,  the  structure  of  silica  is  polymeric  and  complex,  and  not  simple  as  represented  above 
by  the  formula  Si02. 
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soluble  silica,  and  silica  is  found  in  this  state  in  nature.  Small 
quantities  of  soluble  silica  are  met  with  in  all  waters.  Certain  mineral 
springs,  and  especially  hot  springs —of  which  the  best  known  are  the 
Geysers  of  Iceland  and  those  in  the  North  American  National  Park 
(Yellowstone  Valley) — contain  a  considerable  amount  of  silica  in  solu- 
tion. Such  water,  permeating  the  objects  it  meets  with — for  instance, 
wood — penetrates  into  them  and  deposits  silica  inside  them,  that  is, 
transforms  them  into  a  petrified  condition.  Siliceous  stalactites, 
and  also  many  (if  not  all)  forms  of  silica  are  formed  by  such  water. 
The  absorption  of  silica  by  plants  by  means  of  their  roots,  and 
also  by  the  lower  organisms  having  siliceous  bodies,  is  due  also  to 
their  nourishing  themselves  with  the  solutions  containing  silica 
continually  formed  in  nature.  Thus,  in  plants,  in  the  straws  of 
the  grasses,  in  hard  shave-grass,  and  especially  in  the  knots  of 
bamboo  and  other  straw-like  plants,  a  considerable  quantity  of 
silica  is  deposited,  which  must  previously  have  been  absorbed  by  the 
plants. 

Silicic  acid  is  a  colloid.  The  gelatinous  silicon  hydrate  is  its 
hydrogel,  the  soluble  hydrate  is  the  hydrosol  (Chapter  XII.)  Both 
varieties  may  be  easily  obtained  from  the  alkaline  silicates  and  from 
water-glass.  The  very  same  substances — that  is,  aqueous  solutions  of 
soluble  glass  and  acid — taken  in  the  same  proportion,  may  produce 
either  the  gelatinous  or  the  soluble  silica,  according  to  the  way  these 
solutions  are  mixed  together.  If  the  acid  be  added  little  by  little  to  the 
alkaline  silicate,  with  continuous  stirring,  a  moment  arrives  when  the 
whole  mass  thickens  to  a  jelly,  hydrogel  ;  in  this  case  the  silicic  acid  is 
formed  in  the  midst  of  the  alkaline  solution  and  becomes  insoluble. 
But  if  the  mixing  be  done  in  the  reverse  order — that  is,  if  the  soluble 
glass  be  added  to  the  acid,  or  if  a  quantity  of  acid  be  rapidly  poured  into 
the  solution  of  the  salt — then  the  separation  of  the  silica  takes  place 
in  the  midst  of  the  acid  liquid,  and  it  is  obtained  in  the  form  of  the 
soluble  hydrate,  the  hydrosol.'*' 

^^  The  presence  of  an  excess  of  acid  aids  the  retention  of  the  silica  in  the  solution, 
because  the  gelatinous  silica  obtained  in  the  above  manner,  but  not  heated  to  60° — 
that  is,  containing  more  water  than  the  hydrate  HjSiOs — is  more  soluble  in  water  contain- 
ing acid  than  in  pure  water.  This  would  seem  to  indicate  a  feeble  tendency  of  silica  to 
combine  with  acids,  and  it  might  even  have  been  imagined  that  in  such  a  solution  the 
hydrate  of  silica  is  held  in  combination  by  an  excess  of  acid,  had  Grraham  not  obtained 
soluble  silica  perfectly  free  from  acid,  and  if  there  were  not  solutions  of  silica  free  from 
any  acid  in  nature.  At  all  events  a  tolerably  strong  solution  of  free  silica  or  silicic 
acid  may  be  obtained  from  soluble  glass  diluted  with  water.  The  solution,  besides  silica, 
will  contain  sodium  chloride  and  an  excess  of  the  acid  taken.  If  this  solution  remains  for 
some  time  exposed  to  the  air,  or  in  a  closed  vessel,  and  under  various  other  conditions, 
it  IS  found  that,  after  a  time,  insoluble  gelatinous  silica  separates  out — that  is,  the  soluble 
form  of  silica  is  unstable,  like  the  soluble  form  of  alumina.  The  analogous  forms  of 
VOL.  II.  I 
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Tlie  hydrosol  of  silica  prepared  by  mixing  an  excess  of  hydrochloric 
acid  -ivith  a  solution  of  sodium  silicate,  may  be  freed  from  the  admix- 
tures both  of  hydrochloric  acid  and  salt,  sodium  chloride,  6y  means  of 
dialysis,''''  as  Graham  showed  (in  1861)  in  enquiring  into  the  nature  of 
colloids  (Chapter  I.),  and  making  many  other  important  chemical  in- 
vestigations. The  solution,  containing  the  acid,  salt,  and  silica,  all 
dissolved  in  water,  is  poured  into  a  dialyser — that  is,  a  vessel  with  a 
porous  diaphragm  surrounded  by  water.  Certain  substances  jiass  more 
easily  through  the  diaphragm  than  others.  This  may  be  represented 
thus  :  the  passage  through  the  diaphragm  proceeds  in  both  directions, 
and  if  the  solutions  on  each  side  of  the  diaphragm  be  equally  strong, 
there  will  be  equal  numbers  of  molecules  of  the  soluble  substance 
passing  info  either  side  in  a  given  time,  some  passing  quickly  and 
others  slowly.  The  metallic  chlorides  and  hydrochloric  acid  belong  to 
the  series  of  crystalloids  which  easily  pass  through  a  diaphragm,  and 
therefore  the  hydrochloric  acid  and  sodium  chloride  contained  in  the 
above-mentioned  dialyser  pass  from  the  solution  through  the  diaphragm 
into  the  water  of  the  external  vessel  with  considerable  rapidity.  The 
aqueous  solution  of  colloidal  silica  also  penetrates  through  the  diaphragm, 
but  very  much  more  slowly.  But  if  the  amount  of  the  substance 
dissolved  is  not  equal  on  either  side  of  the  diaphragm,  the  whole 
system  strives  to  attain  a  state  of  equilibrium  ;  that  is,  the  given 
substance  penetrates  through  the  diaphragm  from  the  side  where  it 
is  in  excess  to  the  part  where  there  is  a  smaller  quantity  of  it.  All  sub- 
stances which  are  soluble  in  water  have  the  faculty  of  penetrating 
through  ii  membrane  swollen  in  water,  but  the  velocity  of  penetration 
is  not  equal,  and  in  this  respect  the  dialyser  separates  substances  like 
a  sieve.  The  silica  passes  less  vapidly  through  the  diaphragm  than  the 
sodium  chloi-ide  and  hydrochloric  acid,  so  that  by  repeatedly  changing 
the  external  water  it  is  easy  to  effect  the  extraction  of  the  chlorine 
compounds  from  the  dialyser,  which  will  finally  only  contain  a  solution 
of  silica.  This  extraction  (of  HCl  and  NaCl)  may  be  so  complete  that 
the  liquid  taken  from  the  dialyser  will  not  give  any  precipitate  with  a 
solution  of  silver  nitrate.  Graham  obtained  in  this  way  soluble  silica 
having  a  distinctly  acid  reaction,  which,  however,  disappeared  on  the 
addition  of  a  very  minute  quantity  of  alkali  ;  for  ten  parts  of  silica  in 
the  solution  it  was  sufficient  to  take  one  part  of  alkali  in  order  to  give  the 

molybdic  or  tmigstic  acids  may  be  heated,  evaporated,  and  kept  for  a  long  period  of  time 
without  the  sohible  form  being  converted  into  the  insoluble. 

"  See  Chapter  I.,  Note  18.  A  solution  of  water-glass  mixed  with  an  excess  of  hydro- 
cliloric  acid  is  poured  into  the  dialyser,  and  the  outer  vessel  is  filled  with  water,  which  is 
continually  renewed.  The  water  carries  off  the  sodium  chloride  and  hydrocldoric  acid, 
i\nd  the  hydrosol  remains  in  the  dialyser. 
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liquid  an  alkaline  reaction,  so  slightly  energetic  are  the  acid  properties 
of  silicic  acid.  The  solution  of  silica  obtained  by  this  method  becomes 
gelatinous  on  standing,  on  being  heated,  or  on  evaporation  under  the 
receiver  of  an  air-pump,  &c.  The  hydrosol  is  transformed  into  the 
hydrogel,  the  soluble  hydrate  into  the  gelatinous. 

Thus  in  addition  to  the  gelatinous  form  of  the  silicic  acid,  there 
exists  also  a  variety  of  this  substance,  soluble  in  water,  as  is  the  case 
with  alumina.  Such  variation  in  properties  and  exactly  the  same  rela- 
tions with  regard  to  water  characterise  an  immense  series  of  other 
substances  having  a  great  significance  in  nature.  The  number  of  such 
substances  is  especially  great  among  organic  compounds,  and  par- 
ticularly in  those  classes  of  them  which  compose  the  principal  material 
of  the  bodies  of  animals  and  plants.  It  is  sufficient  to  mention,  for 
instance,  the  gelatin  which  is  familiar  to  all  as  carpenter's  and  other 
glues,  and  in  the  form  of  size  and  jelly.  The  same  substance  is  also 
known  in  the  solution  which  is  used  to  join  objects  together.  In  a 
peculiar  insoluble  condition  it  enters  into  the  composition  of  hides  and 
bones.  These  various  forms  of  gelatin  differ  in  the  same  way  as  the 
different  varieties  of  silica.  The  property  of  forming  a  jelly  is  exactly 
the  same  as  in  silica,  and  the  adhesiveness  of  the  solutions  of  both  sub- 
stances is  identical ;  soluble  silica  adheres  like  a  solution  of  gelatin. 
The  same  properties  are  again  shown  by  starch,  rosin,  and  albumin, 
and  by  a  series  of  similar  substances.  The  diaphragms  used  in  dia- 
lysis are  also  insoluble,  gelatinous,  forms  of  colloids.  The  bodies  of 
animals  and  plants  consist  largely  of  similar  matter,  insoluble  in  water, 
corresponding  with  the  gelatinous  or  insoluble  silicon  hydrate,  or  with 
glue.  The  albumin  which  coagulates  when  eggs  are  boiled  is  a  typical 
form  of  the  gelatinous  condition  of  such  substances  in  the  body. 
These  slight  indications  are  sufficient  in  order  to  show  how  great  is 
the  significance  of  those  transformations  which  are  so  well  marked 
in  silica.  The  facts  discovered  by  Graham  in  1861-1864  comprise  the 
most  essential  acquisitions  in  the  general  association  of  these  pheno  - 
mena  of  nature  in  the  history  of  organic  forms.  The  facility  of  transit 
from  hydrogel  to  hydrosol  is  the  first  condition  of  the  possibility  of 
the  development  of  organisms.  The  blood  contains  hydrosols,  and  the 
hydrogels  of  the  same  substances  are  contained  in  the  muscles  and  tis- 
sues, and  especially  on  the  surface,  of  the  body.  All  tissues  are  formed 
from  the  blood,  and  in  that  case  the  hydrosols  are  converted  into  hydro- 
gels.  •*  The  absence  of  crystallisation,  the  property,  apparently  under 
the  influence  of  feeble  agencies,  of  passing  from  the  soluble  condition  to 

'^  A  similar  process  occurs  iu  plants — for  example,  when  they  secrete  a  store  of  mate- 
rial for  the  following  year  in  their  bulbs,  roots,  &c.  (for  instance,  the  potato  in  its  tubers), 

i2 
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the  insoluble,  to  the  gelatinous  condition  of  the  hydrogel,  constitute 
the  fundamental  properties  of  all  colloids.'^ 

Silica,  as  regards  its  salt  forming  properties,  stands  in  the  series 
of  oxides  on  the  boundary  line  on  the  side  of  the  acids  in  just  such  a 
place  as  alumina  occupies  on  the  side  of  the  bases — that  is,  aluminium 
hydroxide  is  the  representative  of  the  feeblest  bases  and  silicic  acid 
is  the  least  energetic  of  acids  (at  least  in  the  presence  of  water — that 
is,  in  aqueous  solutions)  ;  in  alumina,  however,  the  basic  properties 
are  distinctly  expressed,  while  in  silica  the  acid  properties  preponderate. 
Like  all  feeble  acid  oxides  it  is  capable  of  forming,  with  other  acids, 
saline  compounds  which  are  but  slightly  stable  and  are  very  easily 
decomposed  in  the  presence  of  water.  The  chief  peculiarity  of  the  silicates 
consists  in  the  number  of  their  types.  The  .salts  formed  with  nitric  or 
sulphuric  acid  exist  in  one,  two,  and  three  tolerably  stable  forms,  but 
for  acids  like  silicic  acid  the  number  of  forms  is  very  great,  almost 
unlimited.  The  natural  silicates  in  particular  furnish  proof  of  this 
fact ;  they  contain  various  bases  in  combination  with  silica,  and  for 
one  and  the  same  base  there  often  exist  various  degrees  of  combination. 
As  feeble  bases  are  capable  of  forming  basic  salts  in  addition  to  normal 
salts — that  is,  a  compound  of  a  normal  salt  with  a  feeble  base  (either 
the  hydroxide  or  the  oxide) — so  the  feeble  acid  oxides  (although 
not  all)  form,  in  addition  to  normal  salts,  highly  acid  salts — that  is, 
normal  salts  pil'^-s  acid  (hydrate  or  anhydride).  Such  acids  are  boric, 
phosphoric,  molybdic,  chromic,  and  especially  silicic,  acid. 

In  order  to  explain  these  relations  it  is  necessary  first  to  recollect 
the  existence  of  the  various  hydrates  of  silica,  or  silicic  acids,-"  and  then 

the  solutions  fi-oni  the  leaves  and  stems  penetrate  into  the  roots  and  other  parts  in  the 
form  of  hydrosols,  Avhere  they  are  converted  into  hydrogels — that  is,  into  an  insoluble  form, 
which  is  acted  on  with  difficulty  and  is  easily  kept  unaltered  until  the  period  of  growth 
— for  example,  until  the  following  spring — when  they  are  re-converted  into  hydrosols,  and 
the  insoluhle  substance  re-enters  into  the  sap,  and  serves  as  a  source  of  the  hydrogels  in 
the  leaves  and  other  portions  of  plants. 

"  As  regards  their  chemical  composition  the  colloids  are  very  complex — tliat  is,  they 
have  a  high  uiolecular  weight  and  a  large  molecular  volume— in  consequence  of  which  they 
do  not  penetrate  through  membranes,  and  are  easily  subject  to  variation  in  their  physical 
and  chemical  properties  (owing  to  their  complex  structure  and  polymerism  ?)  They  have 
but  httle  chemical  energy,  and  are  generally  feeble  acids,  if  belonging  to  the  order  of 
oxides  or  hydrates,  such  as  the  hydrates  of  molybdic  and  tungstic  acids  (Chapter  XXI.). 
But  now  the  number  of  substances  capable,  like  colloids,  of  passing  into  aqueous  solutions 
and  of  easily  separating  out  from  them,  as  well  as  of  appearing  in  an  insoluble  form,  must 
be  supplemented  by  various  other  substances,  among  which  soluble  gold  and  silver 
(Chapter  XXIV.)  are  of  particular  interest.  So  that  now  it  may  be  said  that  the  capacity 
of  forming  coUoid  solutions  is  not  limited  to  a  definite  class  of  compounds,  but  is,  if  not 
a  general,  at  aU  events,  an  exceedingly  widely  distributed  phenomenon. 

-"  This  is  in  accordance  with  the  generally-accepted  representation  of  the  relations 
between  salts  and  the  hydrates  of  acids,  but  it  is  of  htUe  help  in  the  study  of  siliceous 
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to  turn  our  attention  to  the  similarity  between  silicon  compounds  and 
metallic  alloys.  Silica  is  an  oxide  having  the  appearance  of,  and  in 
many  respects  the  same  properties  as,  those  oxides  which  combine  with 
it,  and  if  two  metals  are  capable  of  forming  homogeneous  alloys  in 
which  there  exist  definite  or  indefinite  compounds,  it  is  permissible  to 
assume  a  similar  power  of  forming  alloys  in  the  case  of  analogous  oxides. 
Such  alloys  are  found  in  indefinite,  amorphous  masses  in  the  form  of 
glass,  lava,  slags,  and  a  number  of  similar  siliceous  compounds  which 
do  not  contain  any  definite  types  of  combination,  but  nevertheless  are 
homogeneous  throughout  their  mass.  By  slow  cooling,  or  under  other 
circumstances,  definite  crystalline  compounds  may — and  sometimes  do 
— separate  from  this  homogeneous  mass,  as  also  sometimes  definite 
crystalline  alloys  separate  from  metallic  alloys. 

The  formation  of  crystalline  rocks  in  nature  is  partly  of  such  a 
nature.  By  aqueous  or  igneous  agency,  but  in  any  case  in  a  liquid 
condition,  those  oxides  which  form  the  earth's  crust  and  her  crystalline 
minerals  came  into  mutual  contact.  First  of  all  they  formed  a  shape- 
less mass,  of  which  lava,  glass,  slags  and  solutions  are  examples,  but 
little  by  little,  or  else  suddenly,  some  definite  compounds  of  certain 
oxides  existing  in  this  alloy  or  in  the  shapeless  mass  were  formed.    This 

compounds.  Generally  speaking,  it  becomes  necessary  to  explain  the  property  of 
(Si02)«  to  combine  with  {RO)m,  where  ii  may  be  greater  than  7n,  and  where  B  may  be 
H2,Ca,  &c.  Here  we  are  aided  by  those  facts  which  have  been  attained  by  the  investiga- 
tion of  carbon  compounds,  especially  with  respect  to  glycol.  Glycol  is  a  compound  having 
the  composition  C2HeOo,  only  differing  from  alcohol,  CoHeO,  by  an  extra  atom  of  oxygen. 
This  hydrate  contains  two  hydroxyl  groups,  which  may  be  successively  replaced  by 
chlorine,  &c.  Hence  the  composition  of  glycol  should  be  represented  as  C2H4(OH)2. 
It  has  been  found  that  glycol  forms  so-called  polyglycols.  Their  origin  will  be  under- 
stood from  the  fact  that  glycol  as  a  hydrate  has  a  corresponding  anhydride  of  the 
composition  C2H4O,  known  as  ethylene  oxide.  This  substance  is  ethane,  C2He,  in  which 
two  hydrogens  are  replaced  by  one  atom  of  oxygen.  Ethylene  oxide  is  not  the  only 
anhydride  of  glycol,  although  it  is  the  simplest  one,  because  C2H4O  =  C2H4(OH)2  -  H.jO. 
Yarious  other  anhydrides  of  glycol  are  possible,  and  have  actually  been  obtained,  of  the 
composition  mC2H4(0H)2  -  {n  -  IjHjO  =  (C.,H4)„0„  _  i(0H)2.  These  imperfect  anhy- 
drides of  glycol,  or  polyglfcols,  still  contain  hydroxyls  like  glycol  itself,  and  therefore 
are  of  an  alcoholic  character  in  the  same  sense  as  glycol  itself.  They  are  obtained  by 
various  methods,  and,  amongst  others,  by  the  direct  combination  of  ethylene  oxide  with 
glycol,  because  C2H4(0H)2  +  (n  -  IjCaHiO  =  {CJB.i),X>n.-  i(0H)2.  The  most  important 
circumstance,  from  a  theoretical  point  of  view,  is  that  these  x^olyglycols  may  be  distilled 
without  undergoing  decomposition,  and  that  the  general  formula  given  above  expresses 
their  actual  molecular  composition.  Hence  we  have  here  a  direct  combination  of  the  anhy- 
dride with  the  hydrate,  and,  moreover,  a  repeated  one.  The  formula  A«H20  may  be  used 
to  express  the  composition  of  glycol  and  polyglycols  with  respect  to  ethylene  oxide  in  the 
most  simple  manner,  if  A  stand  for  ethylene  oxide.  Wlien  w  =  1  we  have  glycol,  when 
fi  is  greater  than  1  a  polyglycol.  Such  also  is  the  relationship  of  the  salts  of  hydrate  of 
silica,  if  A  stand  for  silica,  and  if  we  imagine  that  H2O  may  also  be  taken  ?n  times. 
Such  a  representation  of  ihe  polysilicic  acids  corresponds  with  the  representation  of  the 
polymerism  of  silica.  Laurent  supposed  the  existence  of  several  polymeric  forms,  81304, 
SisOfi,  &c.,  besides  silica,  Si02. 
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is  entirely  similar  to  two  metals  forming  a  homogeneous  alloy, ^  and 
under  known  circumstances  (for  instance,  on  cooling  the  alloy,  or  m 
the  case  of  aqueous  solution  when  the  two  metals  are  simultaneously 
liberated  from  the  solution),  definite  crystalline  compounds  are 
separated.  In  any  case  there  is  no  doubt  that  there  is  less  distinc- 
tion between  silica  and  bases,  than  between  bases  and  such  anhydrides 
as,  for  instance,  sulphuric  or  nitric,  or  even  carbonic,  as  is  seen  on 
comparing  the  physical  and  chemical  properties  of  silica  and  various 
kinds    of   oxides.     Alumina,   especially,  is    exceedingly  near   akin   to 

21  For  us  the  latter  have  not  a  saline  character,  only  because  they  are  not  regarded 
from  this  point  of  view,  but  au  alloy  of  sodium  and  zinc  is,  in  a  broad  sense,  a  salt  in  many 
of  its  reactions,  for  it  is  subject  to  the  same  double  decompositi-ons  as  sodium  phosphide 
or  sulphide,  which  clearly  have  saline  properties.  The  latter  (sodium  phosphide),  when 
heated  with  ethyl  iodide,  forms  ethyl  phosphide,  and  the  former — i.e.  the  alloy  of  zinc 
and  sodium — gives  /inc  ethyl;  that  is,  the  element  (P,  S,  Zu)  which  was  united  with  the 
sodium  passes  into  combination  with  the  ethyl :  RNa  +  EtI  =  REt  +  Nal.  By  com- 
bining sodium  successively  with  chlorine,  sulphur,  phosphorus,  arsenic,  antimony,  tin, 
and  zinc,  we  obtain  substances  having  less  and  less  the  ordinary  appearance  of  salts,  but 
if  the  alloy  of  sodium  and  zinc  cannot  be  termed  a  salt,  then  perhaps  this  name  cannot  be 
given  to  sodium,  sulphide,  and  the  compounds  of  sodium  with  phosphorus.  The  following 
circumstance  may  also  be  observed :  with  clilorine,  sodium  gives  only  one  compound  {with 
oxygen,  at  the  most  three),  with  sulphur  five,  with  phosphorus  probably  still  more,  with 
antimony  naturally  dtill  more,  and  the  more  analogous  an  element  is  to  sodium,  the  more 
varied  are  the  proportions  in  which  it  is  able  to  combine  with  it,  the  less  are  the  altera- 
tions in  the  properties  which  take  place  by  this  combination,  and  the  nearer  does  the 
compound  formed  approach  to  the  class  of  compounds  known  as  indefinite  chemical 
tompounds.  In  this  sense  a  siliceous  alloy,  containing  silica  and  other  acids,  is  a 
salt.  The  oxide  to  a  certain  extent  plays  the  same  part  as  the  sodium,  whilst  the  silica 
plays  the  part  of  the  acid  element  which  was  taken  up  successively  by  zinc,  phosphorus, 
sulphur,  itc,  in  the  above  examples.  Such  a  comparison  of  the  sihca  compounds  with 
alloys  presents  the  great  advantage  of  including  under  one  category  the  definite  and 
indefinite  silica  compounds  which  are  so  analogous  in  composition — that  is,  brings 
under  one  head  such  crystalline  substances  as  certain  minerals,  and  such  amorphous 
substances  as  are  frequently  met  with  in  nature,  and  are  artificially  prepared,  as  glass^ 
slags,  enamels,  \kc. 

If  the  compounds  of  silica  are  substances  like  the  metallic  alloys,  then  (1)  the  chemical 
union  between  the  oxides  of  which  they  are  composed  must  be  a  feeble  one,  as  it  is  in  all 
compounds  formed  between  analogous  substances.  In  reality  such  feeble  agencies  as 
water  and  carbonic  acid  are  able,  although  slowly,  to  act  on  and  destroy  the  majority 
of  the  complex  silica  compounds  in  rocks,  as  we  saw  in  the  preceding  chapter;  (2) 
their  formation,  like  that  of  alloys,  should  not  be  accompanied  by  a  considerable 
alteration  of  volume  ;  and  this  is  actually  the  case.  For  example,  felspar  has  a  specific 
gravity  of  about  2'6,  and  therefore,  taking  its  composition  to  be  K30,Al205,6Si02,  we  find 
its  volume,  corresponding  with  this  formula,  to  be  556*8, 2'6  =  214,  the  volume  of  K.20  =  35, 
of  Al205  =  26,  and  of  Si02  =  a2'6.  Hence  the  sum  of  the  volmnes  of  the  component 
oxides,  35  +  26  +  6x22-6  =  196,  which  is  very  nearly  equal  to  that  of  the  felspar;  that  is, 
its  formation  is  attended  by  a  slight  expansion,  and  not  by  contraction,  as  is  the  case  in 
the  majority  of  other  cases  when  combinations  determined  by  strong  affinities  are 
accomplished.  In  the  case  in  question  the  same  phenomenon  is  observed  as  in  solutions 
and  alloys — that  is,  as  in  cases  of  feeble  affinities.  So  also  the  specific  gravity  of  glass 
is  directly  dependent  on  the  amount  of  those  oxides  which  enter  into  its  composition.  If 
in  the  preceding  example  we  take  the  sp.  gr.  of  silica  to  be,  not  2*65,  but  2*2,  its  volume 
27*3,  and  the  sum  of  the  volumes  will  be  =224— that  is,  greater  than  that  of  orthoclase, 


=  27 
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silica  ;  not  only  in  the  hyclrated  state,  but  also  in  the  anhydrous 
condition,  there  exists  a  certain  similarity  between  the  crystalline  forms 
of  alumina  and  silica,  in  the  uncoinbined  state.  Both  are  very  hard, 
transparent,  inactive,  non-volatile,  infusible,  and  crystallise  in  the 
hexagonal  system — in  a  word,  they  are  remarkably  similar,  and  for  this 
reason  they  are  capable,  like  two  kindred  metals,  of  entering  into  many 
different  degrees  of  combination.  Isomorphous  mixtures — that  is,  differ- 
ing by  the  substitution  of  oxides  akin  both  in  their  phj'sical  and  chemical 
characters — are  very  frequently  met  with  among  minerals,  and  the 
study  of  the  latter  gave  the  principal  impetus  to  the  study  of  iso- 
morphism. Thus,  in  a  whole  series  of  minerals,  lime  and  magnesia  are 
found  in  variable  and  interchangeable  proportions.  Exactly  the  same 
may  be  said  of  potassium  and  sodium,  of  alumina  and  ferric  oxide, 
of  manganous,  ferrous,  magnesium  oxides,  ttc.  Such  isomorphism 
does  not,  however,  extend  without  change  of  form  and  properties 
beyond  certain  rather  narrow  limits.^^     What  I  mean  by  this  is  that 

^^  It  is,  liowever,  easy  to  imagine,  and  experience  confirms  the  supposition,  that  in  a 
complex  siliceous  compound  containing  for  instance  sodium  and  calcium,  the  whole  of  the 
sodium  may  be  replaced  by  potassium,  and  at  the  same  time  the  whole  of  the  calcium 
by  magnesium,  because  then  the  substitution  of  potassium  for  the  sodium  will  produce  a 
change  in"  the  nature  of  the  substance  contrary  to  that  which  will  occur  from  the  calcium 
being  replaced  by  magnesium.  That  increase  in  weight,  decrease  in  density,  increase  of 
chemical  energy,  which  accompanies  the  exchange  of  sodium  for  potassium  will,  so  to 
speak,  be  compensated  by  the  exchange  of  calcium  for  magnesium,  because  both  in 
weight  and  in  properties  the  sum  of  Na  +  Ca  is  very  near  to  the  sum  of  K  +  Mg. 
PyroxeneoT  augite  can  be  taken  as  an  example;  its  composition  may  be  expressed  by 
the  formula  CaMgSi20c;  that  is,  it  corresponds  with  the  acid  H2Si05  ;  it  is  a  bisilicate. 
In  many  respects  it  closely  resembles  another  mineral  called  '■  spodutnene'  {they  are 
both  monoclinic).  This  latter  has  the  composition  LigAlgSiisO.cj.  On  reducing  both 
formulEe  to  an  equal  contents  of  silica  the  following  distinction  will  be  observed  between 
them:  spodumene  (Li2O)6(Al2O5)830SiO2 ;  augite  (CaO)i5(MgO)i530SiO2.  That  is,  the 
difference  between  them  consists  in  the  sum  of  the  magnesia  and  lime  (MgO)i5+  (CaO)i5 
replacing  the  sum  of  the  litliium  oxide  and  alumina  (Li20}6+ (Al205)8;  and  in  the 
chemical  relation  these  sums  are  near  to  one  another,  because  magnesium  and  calcium, 
hoih  in  forms  of  oxidation  and  in  energy  (as  bases),  in  all  respects  occui:)y  a  position 
intermediate  between  lithimn  and  aluminium,  and  therefore  the  sum  of  the  first  may  be 
replaced  by  the  sum  of  the  second. 

If  we  take  the  composition  of  spodumene,  as  it  is  often  represented  to  be» 
Li20,A1^05,4Si02,  the  corresponding  formula  of  augite  will  be  (CaO)o,(MgO)2,4Si02, 
and  also  the  amount  of  oxygen  in  the  sum  of  LijOAl^O-,  will  be  the  same  as  in  (Ca0)2(Mg0)2. 
I  may  remark,  for  the  sake  of  clearness,  that  lithium  belongs  to  the  first,  aluminium  to  the 
third  group,  and  calcium  and  magnesium  to  the  intermediate  second  group ;  lithium,  like 
calcium,  belongs  to  the  even  series,  and  magnesium  and  aluminium  to  the  uneven. 

The  representation  of  the  substitutions  of  analogous  compounds  here  introduced  was 
first  deduced  by  me  in  1856.  It  finds  much  confirmation  in  facts  which  have  been  sub- 
sequently discovered — for  example,  with  respect  to  tourmalin.  Wiilfing  (1888),  on  the 
basis  of  a  number  of  analyses  (especially  of  those  by  Roggs),  states  that  all  varieties  con- 
tain an  isomorphous  mixture  of  alkali  and  magnesia  tourmalin  ;  into  the  composi- 
tion of  the  former  there  enters  12Si02,3B203,8Al203,2Na20,4H20,  and  of  the  latter 
12Si02,3B205,5Al205,12MgO,3H20.     Hence  it  is  seen  that  the  former  contains  in  addition 
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lime  is  not  always  replaced  totally,  but  often  only  in  small  quantities, 
by  magnesia,  or  by  the  manganous  and  ferrous  oxides,  without  changing 
the  crystalline  form.  The  same  may  be  observed  with  regard  to  potassium 
and  lithium,  which  may  be  in  part,  but  not  completely,  replaced  by 
sodium.  On  the  total  substitution  of  one  metal  for  another,  often 
(although  not  invariably)  the  entire  nature  of  the  substance  is  changed  ; 
for  instance,  pnsiatite  (or  bronzite)  is  a  magnesium  bisilicate  with  a 
small  isomorphous  substitution  of  calcium  for  magnesium  ;  its  com- 
position is  expressed  by  the  formula  MgSiOg,  it  belongs  to  the  rhombic 
system.  On  the  entire  substitution  of  calcium,  wollastonite,  CaSiO^, 
of  the  monoclinic  system,  is  obtained  j  when  manganese  is  substituted, 
rhodonite,  of  the  triclinic  system,  is  produced  ;  but  in  all  of  them  the 
angles  of  the  prism  are  86°  to  88^23 

the  sum  of  3Al205,2Na20,H20,  whilst  in  the  latter  this  sum  of  oxides  is  replaced  by 
12MgO,  in  which  there  is  as  much  oxygen  as  in  the  sum  of  the  more  clearly-defined  base 
2Na.jO  and  less  basic  3AI2O3H2O — that  is,  the  relation  is  just  the  same  here  as  between 
augite  and  spodumene, 

'^^  "With  respect  to  the  silica  compounds  of  the  various  oxides,  it  must  be  observed 
that  only  the  alkali  salts  are  known  in  a  soluble  form  ;  all  the  others  only  exist  in  an 
insoluble  form,  so  that  a  solution  of  the  alkali  compounds  of  silica,  or  soluble  glass,  gives 
a  precipitate  with  a  solution  of  the  salts  of  the  majority  of  other  metals,  and  this  pre- 
cipitate will  contain  the  silica  compounds  of  the  other  bases.  The  maximum  amount  of 
the  gelatinous  hydrate  of  sihca,  which  dissolves  in  caustic  potash,  corresponds  with  the 
formation  of  a  compound,  2K20,9Si02.  But  this  compound  is  partially  decomposed,  with 
the  precipitation  of  hydrate  of  silica,  on  cooling  the  solution.  Solutions  containing  a 
smaller  amount  of  silica  may  be  kept  for  an  indefinite  time  without  decomposing,  and 
silica  does  not  separate  out  from  the  solution ;  but  such  compounds  crystallise  from  the 
solutions  with  difficulty.  However,  a  crystalline  bisilicate  (with  water)  has  been  obtained 
for  sodium  having  the  composition  Na20,Si02 — i.e.  corresponding  to  sodium  carbonate. 
The  whole  of  the  parbonic  acid  is  evolved,  and  a  similar  soluble  sodium  metasilicate  is 
obtained  on  fusing  3"5  parts  of  sodium  carbonate  with  2  parts  of  silica.  If  less  sihca  be 
taken  a  portion  of  the  sodium  carbonate  remains  undecomposed ;  however,  a,  substance 
may  then  be  obtained  of  the  composition  Si(0Na)4,  corresponding  with  orthosilicic  acid. 
It  contains  the  maximum  amount  of  sodium  oxide  caiDable  of  combining  with  silica  under 
fusion.     It  is  a  sodium  orthosilicate,  (Na20)2,Si02. 

Calcium  carbonate,  and  the  carbonates  of  the  alkaline  earths  in  general,  also  evolve 
all  their  carbonic  acid  when  heated  with  silica,  andin  some  instances  even  form  somewhat 
fusible  compounds.  Lime  forms  a  fusible  slag  of  ealcium  silicate^  of  the  composition 
CaO,Si02  and  2CaO,3Si02.  With  a  larger  proportion  of  silica  the  slags  are  infusible  in  a 
furnace.  The  magnesium  slags  are  less  fusible  than  those  with  lime,  and  are  often 
formed  in  smelting  metals.  Many  compounds  of  the  metals  of  the  alkaline  earths  with 
silica  are  also  met  with  in  nature.  For  instance,  among  the  magnesium  compounds  there 
is  oZzmKe,  (MgO)2,Si02,  sp.  gr.  3*4,  which  occurs  in  meteorites,  and  sometimes  forms' a 
precious  stone  (peridote),  and  occurs  in  slags  and  basalts.  It  is  decomposed  by  acids,  is 
infusible  before  the  blow-pipe,  and  crystallises  in  the  rhombic  system.  Serpentine  has 
the  composition  3MgO,2Si02,2H20 ;  it  sometimes  forms  whole  mountains,  and  is  dis- 
tinguished for  its  great  cohesiveness,  and  is  therefore  used  in  the  arts.  It  is  generally 
tinted  green ;  its  specific  gravity  is  2'5  ;  it  is  exceedingly  infusible,  even  before  the  blow- 
pipe. It  is  acted  on  by  acids.  Among  the  magnesium  compounds  of  silica,  talc  is  very 
vddely  used.  It  is  frequently  met  with  in  rocks  which  are  widely  distributed  in  nature, 
aud  sometimes  in  compact  masses;  it  can  be  used  for  writing  like  a  slate  pencil  or  chalk, 
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The  most  remarkable  complex  siliceous  conipounds  are  the  felspars, 
which  enter  into  nearly  all  the  primary  rocks  like  porphyry,  granite, 
gneiss,  &c.  These  felspars  always  contain,  in  addition  to  silica  and 
alumina,  oxides  presenting  more  marked  basic  properties,  such  as  potash, 
soda,  and  lime.  Thus  the  orthoclase  ^adularia),  or  ordinary  felspar 
(monoclinic)  of  the  granites,  contains  K.20,Al203,6Si02  ;  albite  contains 
the  same  substances,  only  with  NajO  instead  of  K2O  (it  already  apper- 
tains to  the  triclinio  system)  ;  anorthite  contains  lime,  and  its  composi- 
tion is  CaO,Al203,2Si02.  On  expressing  the  two  last  as  containing 
equal  quantities  of  oxygen,  we  have  : — 

Albite         Naj         Alj         Si„         0,g 
Anoi'thite    Gaj         AI4  Si4         0,g 

It  is  then  evident  that  on  the  conversion  of  albite  into  anorthite,  Na^Sij 
is  replaced  byCa2Al2,and  this  sum,  both  in  chemical  energy  and  in  the 
form  of  oxide,  may  be  considered  as  corresponding  with  the  first,  because 
sodium  and  silicon  are  extreme  elements  in  chemical  character  (from 
groups  I.  and  IV.),  and  calcium  and  aluminium  are  means  between 
them  (from  groups  II.  and  III.),  and  actually  both  these  felspar  mine- 
rals are  not  only  of  one  (triclinic)  system,  but  form  (Tchermak, 
Schuster)  all  possible  kinds  of  definite  compounds  (isomorphous 
mixtures)  between  themselves,  as  indicated  by  their  composition  and 
all  their  properties.  Thus  oligoclase,  andesine,  labradorite,  &c.  (plagio- 
clases),  are  nothing  more  than  mutual  combinations  of  albite  and 
anorthite.  Labradorite  consists  of  albite,  in  combination  with  1  to  2  mole- 
cules of  anorthite.  The  class  of  zeolites  corresponds  to  the  felspars  ;  they 
are  hydrated  compounds  of  a  similar  composition  to  the  felspars.  Thus 
natroUte  contains  ]Sra20,Al203,3Si02,2H20,  and  analci-me  presents  the 
same  composition,  but  contains  4Si02  instead  of  .SSiOa.     In  general, 

and  being  greasy  to  the  touch,  is  also  known  as  steatite.  It  orystaUises  in  the  rhombic 
system,  and  resembles  mica  in  many  respects ;  like  it,  it  is  divisible  into  laminse,  gi'easy 
to  the  touch,  and  having  a  sp.  gr.  2-7.  These  lamina  are  very  soft,  lustrous,  and 
transparent,  and  are  infusible  and  insoluble  in  acids.  The  composition  of  talc  approaches 
nearly  to  eMgO.SSiOs.aHjG. 

Among  the  crystalline  silicates  the  following  minerals  are  known  : — Wollastonite 
(tabular-spar),  crystallises  in  the  monoclinic  system ;  sp.  gr.  2'8 ;  it  is  semi-transparent, 
difficultly  fusible,  decomposed  by  acids,  and  has  the  composition  of  a  metasilicate, 
GaOSiOy.  But  isomorphous  mixtures  of  calcium  and  magnesium  silicates  occur  with 
particular  frequency  in  nature.  The  augites  (sp.  gr.  3*3),  diallages,  hypersthenes,  horn- 
blendes (sp.  gr.  3'1),  amphiboles,  common  asbestos,  and  many  similar  minerals,  some- 
times forming  the  essential  parts  of  entire  rock  formations,  contain  various  relative 
proportions  of  the  bisilicates  of  calcium  and  magnesium  partially  mixed  with  other 
metallic  silicates,  and  generally  anhydrous,  or  only  containing  a  small  amount  of  water. 
In  the  pyroxenes,  as  a  rule,  lime  predominates,  and  in  the  amphiboles  (also  of  tlip 
monochnic  system)  magnesia  predominates.  Details  upon  this  subject  must  be  looked 
for  in  works  upon  mineralogy. 
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the  felspars  and  zeolites  contain  RO,Alo03,?/.Si02,  where  n  varies  con- 
siderably, 2"* 

Such   complex  silicates  are  generally  insoluble  in-water,^'  and   if 

2^  The  majority  of  the  siliceous  minerals  have  now  been  obtained  artificially  under 
various  conditions.  Thus  N.  N.  Sokoloff  showed  that  slags  very  frequently  contain 
peridote.  Htiutefeuille,  Chroustchoff,  Friedel,  and  Sarasin  obtained  felspar  identical  in 
all  respects  with  the  natui-al  minerals.  The  details  of  the  methods  here  employed  must 
be  looked  for  in  special  works  on  mineralogy  ;  but,  as  an  example,  we  will  describe  the 
method  of  the  preparation  of  felspar  employed  by  Friedel  and  Sarasin  (1881).  From 
the  fact  that  felspar  gives  up  potassium  silicate  to  water  even  at  the  ordinary  tem- 
perature (Debray's  experiments),  they  concluded  that  the  felspar  in  granites  had  an 
aqueous  origin  (and  this  may  be  supposed  to  be  the  case  from  geological  data);  then,  in 
the  first  place,  its  formation  could  not  be  accomplished  unless  iu  the  presence  of  an 
excess  of  a  solution  of  potassium  silicate.  In  order  to  render  this  argument  clear  I 
may  mention,  as  an  example,  that  carnallite  is  decomposed  by  water  into  easily  soluble 
magnesium  chloride  and  potassium  chloride,  and  therefore  if  it  is  of  aqueous  origin  it 
could  not  be  formed  otherwise  than  from  a  solution  containing  an  excess  of  magnesium 
chloride,  and,  in  the  second  place,  from  a  strongly -heated  solution ;  again,  felspar  itself 
and  its  fellow- components  in  granites  are  anhydrous.  On  these  facts  were  based 
experiments  of  heating  hydrates  of  silica  with  alumina  and  a  solution  of  potassium 
silicate  in  a  closed  vessel.  The  mixture  was  placed  in  a  sealed  platinum  tube,  which 
was  enclosed  in  a  steel  tube  and  heated  to  dull  redness.  When  the  mixture  con- 
tained an  excess  of  silica  the  residue  contained  many  crystals  of  rock  crystal  and 
tridymite,  together  with  a  powder  of  felspar,  wliich  formed  ilii  main  product  of  the 
reaction  when  the  proportion  of  hydrate  of  silica  was  decreased,  and  a  mixture  of  a 
solution  of  potassium  silicate  with  alumina  precipitated  together  with  the  silica  by  mixing 
soluble  glass  with  aluminium  cliloride  was  employed.  The  composition,  properties,  and 
forms  of  the  resultant  felspar  proved  it  to  be  identical  with  that  found  in  nature.  The 
experiments  approach  very  nearly  to  the  natural  conditions,  all  the  more  as  felspar  and 
quartz  are  obtained  together  in  one  mixture,  as  they  so  often  occur  in  nature. 

^^  The  application  of  cements  is  based  on  this  principle ;  they  are  those  sorts  of 
'  hydraulic  '  lime  which  generally  form  a  stony  mass,  which  hardens  even  under  water, 
when  mixed  with  sand  and  water. 

The  hydraulic  properties  of  cements  are  due  to  their  containing  calcareous  and  silico- 
aluminous  compounds  which  are  able  to  combine  with  water  and  form  hydrates,  which 
are  then  unacted  on  by  water.  This  is  best  proved,  in  the  first  place,  by  the  fact  that 
certain  slags  containing  lime  and  silica,  and  obtained  by  fusion  (for  example,  in  blast- 
furnaces), solidify  like  cements  when  finely  ground  and  mixed  with  water ;  and,  in  the 
second  place,  by  the  method  now  employed  for  the  manufacture  of  artificial  cements 
(formerly  only  peciiliar  and  comparatively  rare  natural  products  were  used).  For  this 
purpose  a  mixture  of  lime  and  clay  is  taken,  containing  about  25  p.c.  of  the  latter ;  this 
mixture  is  then  heated,  not  to  fusion,  but  until  both  the  carbonic  anhydride  and  water 
contained  in  the  clay  are  expelled.  This  mass  when  finely  ground  forms  Portland  cement, 
which  hardens  under  water.  The  process  of  hardening  is  based  on  the  formation  of 
chemical  compounds  between  the  lime,  silica,  alumina,  and  water.  These  substances  are 
also  found  combined  together  in  various  natural  minerals — for  example,  in  the  zeolites, 
as  we  saw  above.  In  all  cases  cement  which  has  set  contains  a  considerable  amount  of 
water,  and  its  hardening  is  naturally  due  to  hydration — that  is,  to  the  formation  of. 
compounds  with  water.  Well-prepared  and  very  finely-ground  cement  hardens 
comparatively  quickly  (in  several  days,  especially  after  being  rammed  down),  with  3  parts 
(and  even  more)  of  coarse  sand  and  with  water,  into  a  stony  mass  which  is  as  hard  and 
durable  as  many  stones,  and  more  so  than  bricks  and  limestone.  Hence  not  only  all 
maritime  constructions  (docks,  ports,  bridges,  &c.),  but  also  ordinary  buildings,  are  made 
of  Portland  cement,  and  are  distinguished  for  their  great  dm-ability.  A  combination  of. 
ironwork  (ties,  girders)  and  cement  is  particularly  suitable  for  the  construction  of  aque- 
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they  undergo  change  in  it,  it  is  but  very  slow,  and  more  often  only  in 
the  presence  of  carbonic  acid.  Some  of  the  silicates  which  are  insoluble 
in  water  are  easily  and  directly  decomposed  by  acids  ;  for  instance,  the 
zeolites  and  those  fused  silicates  which  contain  a  large  quantity  of 
energetic  bases — such  as  lime.     Many  of  the  silicates,  like  glass,^''  are 

ducts,  arches,  reservoirs,  &c.  Arches  and  walls  made  of  such  cements  may  be  much 
less  thick  than  those  built  up  of  ordinary  stone.  Hence  the  production  and  use  of 
cement  rapidly  increases  from  year  to  year.  The  origin  of  accurate  data  respecting 
cements  is  chiefly  due  to  Vicat.  I-n  Russia  Profes'^or  Schuliachenko  has  greatly  aided 
the  extension  of  accurate  data  concerning  Portland  cement.  Many  works  for  the  manu- 
facture of  cement  have  already  been  established  in  various  parts  of  Russia,  and  this 
industry  promises  a  great  future  in  the  arts  of  construction. 

-'■  Glass  presents  a  similar  complex  composition,  like  that  of  many  minerals.  The 
ordinary  sorts  of  white  glass  contain  about  75  p.c.  of  silica,  18  p.c.  of  sodium  oxide,  and 
12  p.c  of  hme ;  but  the  inferior  sorts  of  glass  sometimes  contain  up  to  10  p.c.  of  alumina. 
The  mixtures  which  are  used  for  the  manufacture  of  glass  are  also  most  varied.  For 
example,  about  300  parts  of  pure  sand,  about  100  parts  of  sodium  carbonate,  and  50  of 
limestone  are  taken,  and  sometimes  double  the  proportion  of  the  latter.  Ordinary  soda- 
glass  contains  sodium  oxide,  lime,  and  silica  as  the  chief  component  parts.  It  is  gener- 
ally prepared  from  sodium  sulphate  mixed  with  charcoal,  silica,  and  lime  (Chapter  XII,), 
in  which  case  the  following  reaction  takes  place  at  a  high  temperature :  Na.2S04  +  C  +  SiOo 
=  Na2Si03  +  S02  +  CO.  Sometimes  potassium  carbonate  is  taken  for  the  preparation  of 
the  better  qualities  of  glass.  In  this  case  a  glass,  ^o^as7;-,9^a.ss,  is  obtained  containing 
potassium  oxide  instead  of  sodium  oxide.  The  best-known  of  these  glasses  is  the  so- 
called  Bohemian  glass  or  crystal,  which  is  prepared  by  the  fusion  of  50  parts  of  potassium 
carbonate,  15  parts  of  lime,  and  1 00  parts  of  quartz.  The  preceding  kinds  of  glass  contain 
lime,  whilst  crystal  glass  contains  lead  oxide  instead.  Flint  glass — that  is,  the  lead  glass 
used  for  optical  instruments — is  prepared  in  this  manner,  naturally  from  the  purest 
possible  materials.  Crystal-glass — i.e.  glass  containing  lead  oxide — is  softer  than 
ordinary  glass,  more  fusible  and  has  a  higher  index  of  refraction.  However,  although 
the  materials  for  the  preparation  of  glass  be  most  carefully  sorted,  a  certain  amount 
of  iron  oxides  falls  into  the  glass  and  renders  it  greenish.  This  coloration  may 
be  destroyed  by  adding  a  number  of  substances  to  the  vitreous  mass,  which  are  able 
to  convert  the  ferrous  oxide  into  ferric  oxide ;  for  example,  manganese  peroxide 
{because  the  peroxide  is  deoxidised  to  manganous  oxide,  which  only  gives  a  pale  violet 
tint  to  the  glass)  and  arsenious  anhydride,  which  is  deoxidised  to  arsenic,  and  this  is 
volatilised.  The  manufacture  of  glass  is  carried  on  in  furnaces  giving  a  very  high  tem- 
perature (often  in  regenerative  furnaces,  Chapter  IX.)  Large  clay  crucibles  are  placed 
in  these  furnaces,  and  the  mixture  destined  for  the  preparation  of  the  glass,  havmg  been 
first  roasted,  is  charged  into  the  crucibles.  The  temperature  of  the  furnace  is  then  gradu- 
ally raised.  The  process  takes  place  in  three  separate  stages.  At  first  the  mass  inter- 
mixes and  begins  to  react ;  then  it  fuses,  evolves  carbonic  acid  gas,  and  forms  a  molten 
mass ;  and,  lastly,  at  the  highest  temperature,  it  becomes  homogeneous  and  quite  liquid, 
which  is  necessary  for  the  ultimate  elimination  of  the  carbonic  anhydride  and  solid  im- 
purities, which  latter  collect  at  the  bottom  of  the  crucible.  The  temperature  is  then  some- 
what lowered,  and  the  glass  is  taken  out  on  tubes  and  blown  into  objects  of  various  shapes, 
In  the  manufacture  of  window-glass  it  is  blown  into  large  cylinders,  wliich  are  then  cut  at 
the  ends  an4  across,  and  afterwards  bent  back  in  a  furnace  into  the  ordinary  sheets.  After 
being  worked  up,  all  glass  objects  have  to  be  subjected  to  a  slow  cooling  {annealing)  in 
special  furnaces,  otherwise  they  are  very  brittle,  as  is  seen  in  the  so-called  '  Rupert's 
drops,'  formed  by  dropping  molten  glass  into  water ;  although  these  drops  preserve  their 
form,  they  are  so  brittle  that  they  break  up  into  a  fine  powder  if  a  small  piece  be  knocked 
off  them.  Glass  objects  have  frequently  to  be  iDolished  and  chased.  In  the  manu- 
facture of  mirrors  and  many  massive  objects  the  glass  is  cast  and  then  ground  and 


124  l^KINCIPLES    01-    CHEMISTRY 

hardly  changed  by  acids,  particularly  if  they  contain  much  silica, 
whilst  fusion  with  alkalis  leads  to  the  formation  of  compounds  rich  in 
bases,  after  which  acids  decompose  the  alloys  formed.-" 

According  to  the  periodic  law,  the  nearest  analogues  of  silicon  ought 
to  be  elements  of  the  uneven  series,  because  silicon,  like  sodium,  mag- 
nesium, and  aluminium,  belongs  to  the  uneven  series.-^  Immediately 
after  silicon  follows  ekasilicon  or  germanium^  Ge  =  72,  whose  properties 
were  predicted  (1871)  before  Winkler  (1886)  in  Freiberg,  Saxony 
(Chapter  XV.  §  5),  discovered  this  element  in  a  peculiar  silver  ore  called 
argyrodite^  AggGeSg.^^     Easily  reduced  from  the  oxide  by  heating  with 

polished.  Coloured  glasses  are  either  made  by  directly  introduciug  into  the  glass  itself 
various  oxides,  which  give  their  characteristic  tints,  or  else  a  thin  layer  of  a  coloured 
glass  is  laid  on  the  surface  of  ordinary  glass.  Green  glasses  ai'e  formed  by  the  oxides 
of  chromium  and  copper,  blue  by  cobalt  oxide,  violet  by  manganese  oxide,  and  red  glass 
by  cuprous  oxide  and  by  the  so-called  purple  of  Cassius — i.e.  a  compound  of  gold  and 
tin — which  will  be  described  later.  A  yellow  coloration  is  obtained  by  means  of  the 
oxides  of  iron,  silver,  or  antimony,  and  also  by  means  of  carbon,  especially  for  the  browni 
tints  for  certain  kinds  of  bottle-glass. 

From  what  has  been  said  about  glass  it  will  be  understood  that  it  is  impossible  to 
give  a  definite  formula  for  it,  because  it  is  a  non-crystalline  or  amorphous  alloy  of 
silicates  ;  but  such  an  alloy  can  only  be  formed  within  certain  limits  in  the  proportions 
between  the  component  oxides.  With  a  large  proportion  of  silica  the  glass  very  easily 
becomes  clouded  when  heated ;  with  a  considerable  proportion  of  alkalis  it  is  easily 
acted  on  by  moisture,  and  becomes  cloudy  in  time  on  exposure  to  the  air ;  with  a  large 
proportion  of  lime  it  becomes  infusible  and  opaque,  owing  to  the  formation  of  crystalline 
compounds  in  it ;  in  a  word,  a  certain  proportion  is  practically  attained  among  the  com- 
ponent oxides  in  order  that  the  glass  formed  may  have  suitable  properties.  Nevertheless, 
it  may  be  well  to  remark  that  the  composition  of  common  glass  approaches  to  the 
formula  Na^O,CaO,4Si02. 

The  coefficient  of  cubical  expansion  of  glass  is  nearly  equal  to  that  of  platinum  and 
iron,  being  approximately  0"000027.  The  specific  heat  of  glass  is  nearly  0"18,  and  the 
specific  gravity  of  common  soda  glass  is  nearly  2"5,  of  Bohemian  glass  2'4,  and  of  bottle 
glass  2"7.  Flint  glass  is  much  heavier  than  common  glass,  because  it  contains  the 
heavier  oxide  of  lead,  its  specific  gravity  being  2*9  to  3'2. 

2^  It  must  be  recollected  that  although  acids  seem  to  act  only  feebly  on  the  majority 
of  silicates,  nevertheless  a  finely-levigated  powder  of  siliceous  compounds  is  acted  on  by 
strong  acids,  especially  with  the  aid  of  heat,  the  basic  oxides  being  taken  up  and  gela- 
tinous silica  left  behind.  In  this  respect  sulphuric  acid  heated  to  200°  with  finely-divided 
siliceous  compounds  in  a  closed  tube  acts  very  energetically. 

^^  Such  elements  as  silicon,  tin,  and  lead  were  only  brought  together  under  one 
common  group  by  means  of  the  periodic  law,  although  the  quadrivalency  of  tin  and  lead 
was  known  much  earlier.  Generally  silicon  was  placed  among  the  non-metals,  and  tin 
and  lead  among  the  metals. 

^^  At  first  (February  1886)  the  want  of  material  to  work  on,  the  absence  of  a 
spectrum  in  the  Bunseu's  flame,  and  the  solubility  of  many  of  the  compounds  of 
germanium,  presented  difficulties  in  the  researches  of  Professor  Winkler,  who,  on 
analysing  argyrodite  by  the  usual  method,  obtained  u,  constant  loss  of  7  p.  c,  and  was 
thus  led  to  search  for  a  new  element.  The  presence  of  arsenic  and  antimony  in  the 
accompanying  minerals  also  impeded  the  separation  of  the  new  metal.  After  fusion  with 
sulphur  and  sodium  carbonate,  argyrodite  gives  a  solution  of  a  sulphide  which  is  pre- 
cipitated by  an  excess  of  hydrochloric  acid ;  germanium  sulphide  is  soluble  In  amimonia 
and  then  precipitated  by  hydrochloric  acid,  as  a  white  precipitate,  which  is  dissolved 
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hydrogen  and  charcoal,  and  separated  from  its  solutions  by  zinc, 
metallic  germanium  proved  to  be  greyish  white,  easily  cry stallisable  (in 
octehedra),  brittle,  fusible  (under  a  coating  of  fused  borax)  at  about 
900°,  and  easily  oxidisable  ;  the  specific  gravity  =  5-469,  the  atomic 
weight  =  72-3,  and  the  specific  heat  =  0-076,^°  as  might  be  expected 
for  this  element  according  to  the  periodic  law.  The  corresponding 
germanium  dioxide,  GeOj,  is  a  white  powder  having  a  specific  gravity 
of  4'703  ;  water,  especially  when  boiling,  dissolves  this  dioxide  (1  part 
of  GeOj  requires  for  solution  247  parts  of  water  at  20°,  95  parts  at 
100°).  It  forms  soluble  salts  with  alkalis  and  is  but  sparingly  soluble 
in  acids.^'  In  a  stream  of  chlorine  the  metal  forms  germanivm 
chloride,  GeCl4,  which  boils  at  86°,  and  has  a  specific  gravity  of 
r887  at  18°  ;  water  decomposes  it,  forming  the  oxide.  All  these  pro- 
perties ^^  of  germanium,  showing  its  analogy  to  silicon  and  tin,  form  a 
most  beautiful  demonstration  of  the  truth  of  the  periodic  Jaw.^s 

The  increase  of  atomic  weight  from  silicon  2iS  to  germanium  72 
is  44 — that  is,  about  the  same  difference  as  there  is  in  the  atomic 
weights  of  chlorine  and  bromine  ;  between  germanium  and  its  next 
analogue,  tin  (Sn  :=  118),  the  difference  is  46 — that  is,  almost  as  much 
as  the  amount  by  which  the  atomic  weight  of  iodine  exceeds  that  of 
bromine. 

Metallic  tin  is  rarely  met  with  in  nature  ;  it  occurs  in  the  veins  of 
ancient  formations,  almost  exclusively  in  the  form  of  oxide,  SnOs,  called 

(or  decomposed)  by  water.  After  being  oxidised  by  nitric  acid,  dried  and  ignited 
germanium  sulphide  leaves  the  oxide  G-eO^,  which  is  reduced  to  the  metal  when  ignited 
in  a  stream  of  hydrogen. 

^°  G.  Kobb  determined  the  spectrum  of  germanium,  when  the  metal  was  taken  as  one 
of  the  electrodes  of  a  powerful  Buhjnkorff's  coil.  The  wave-lengths  of  the  most  distinct 
lines  are  602,  583,  518,  513,  481,  474,  millionths  of  a  millimetre. 

^^  If  germanium  or  germanium  sulphide  be  heated  in  a  stream  of  hydrocliloric  acid, 
it  forais  a  volatile  liquid,  boiling  at  72°,  which  Winkler  regarded  as  germanium  cliloride, 
GeClg,  or  germanium  chloroform,  GeHCl;^.  It  is  decomposed  by  water,  forming  a  wliite 
substance,  which  may  perhaps  be  the  hydrate  of  germanious  oxide,  GeO,  and  acts  as  a 
powerfully  reducing  agent  in  a  hydrochloric  acid  solution. 

-^^  Under  certain  circumstances  germanium  gives  a  blue  coloration  like  that  of  ultra- 
marine, as  Winkler  showed,  which  might  have  been  expected  from  the  analogy  of  ger- 
manium with  silicon. 

'^  Winkler  expressed  this  in  the  following  words  (Jour.  f.  j>ract.  Gheiiiie,  1886  [2], 
34, 182-183) :  *  .  .  ,  es  kann  keinem  Zweifel  mehr  unterliegen,  dass  das  neue  Element 
uichts  Anderes,  als  das  vor  fiinfzehn  Jahren  von  Mendeleejf  prognosticirte  Bkabilicium 
ist.' 

*  Denn  einen  schlagenderen  Beweis  fiir  die  Richtigkeit  der  Lehre  von  der  Periodicitat 
der  Bleraente,  als  den,  welchen  die  Verkbrperung  des  bisher  hypothetischen  "Eka- 
silicimn  "  in  sich  schliesst,  kann  es  kaum  geben,  und  er  bildet  in  Wahrheit  melrr,  als 
die  blosse  Bestiitiguug  einer  kiihn  aufgestellten  Theorie,  er  bedeutet  eine  eminente 
Erweiterung  des  chemischen  Gesichtfeldes,  einen  machtigen  Schritt  in's  Reich  der- 
Erkenntniss.' 
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tin-Mvm.  The  best  known  tin  deposits  are  in  Cornwall  and  in  Malacca. 
In  Russia,  tin  oves  have  been  found  in  small  quantities  on  the  shores  of 
Lake  Ladoga,  in  Pitkarand.  The  crushed  ore  may  easily  be  separated 
from  the  earthy  matter  accompanying  it  by  washing  on  inclined  tables, 
as  the  tin-stone  has  a  specific  gravity  of  6-9,  whilst  the  impurities  are 
much  lio-hter.  Tin  o.vidr  is  very  easily  reduced  to  metallic  tin  by  heating 
•with  charcoal.  For  this  reason  tin  was  known  in  ancient  times,  and  the 
Phcenicians  brought  it  from  England.  jNFetallic  tin  is  cast  into  ingots  of 
considerable  weight  or  into  thin  sticks  or  rods.  Tin  has  a  white  colour, 
rather  duller  than  that  of  silver.  It  fuses  easily  at  232°,  and  crystallises 
on  cooling.  Its  specific  gravity  is  7'29.  The  crystalline  structure  of 
ordinary  tin  is  noticed  in  bending  tin  rods,  when  a  peculiar  sound  is 
heard,  produced  by  the  fracture  of  the  particles  of  tin  along  the  sur- 
faces of  crystalline  structure. 

"When  pure  tin  is  cooled  to  a  low  temperature  it  splits  up  into 
separate  crystals,  the  bond  between  the  particles  is  lost,  the  tin  assumes 
a  grey  colour,  becomes  less  brilliant — in  a  word,  its  properties  become 
changed,  as  Fritzsche  showed.  This  depends  on  the  peculiar  structure 
which  the  tin  then  acquires,  and  is  particularly  remarkable  because 
it  is  effected  by  cold  in  a  sol  id.  ^^  "^  If  such  tin  be  fused,  or  even 
simply  heated,  it  becomes  like  ordinary  tin,  but  is  again  changed  when 
cooled.  When  in  this  condition  tin  has  a  specific  gravity  of  7-19. 
Similarly,  tin  is  obtained  by  the  action  of  the  galvanic  current  on 
a  solution  of  tin  chloride  ;  it  then  appears  in  crystals  of  the  cubic 
system,  and  has  a  specific  gravity  of  7-18 — that  is,  the  same  as  when 
cooled.  ^^ 

Tin  is  softer  than  silver  and  gold,  and  is  only  surpassed  by  lead  in 
this  respect.  In  addition  to  this  it  is  very  ductile,  but  its  tenacity  is 
very  slight,  so  that  wire  made  from  it  will  bear  but  little  strain.  In 
consequence  of  its  ductility  it  is  easily  worked,  by  forging  and  rolling 
into  very  thin  sheets  (tin  foil),  which  are  used  for  wrapping  many 
-articles  to  preserve  them  from  moisture,  &c.  In  this  case,  however, 
-and  in  many  others,  lead  is  mixed  with  the  tin,  which,  within  certain 
limits,  does  not  alter  the  ductility.  Whilst  so  soft  at  the  ordinary 
temperatures  tin  becomes  brittle  at  200°,  before  fusing.  Tin  powder 
may  be  easily  obtained  if  the  metal  be  fused  and  then  stirred  whilst 
cooling.  At  a  white  heat  tin  may  be  distilled,  but  with  more  difficulty 
than  zinc.     If  molten  tin  comes  into  contact  with  oxygen,  it  oxidises, 

55  iji>  Emiliauofl  (1890)  states  that  in  the  cold  o£  the  Russian  w-inter  30  out  of  200 
tin  moulds  for  candles  were  spoilt  through  becoming  quite  brittle. 

51  The  tin  deposited  by  an  electric  current  from  a  neutral  solution  of  SnCla  easily 
-oxidises  and  becomes  coated  with  SnO  (Vignon,  1889). 
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forming  stannic  oxide,  Sn02,  ond  its  vajyour  hums  with  a  white  flame. 
At  ordinary  tem2:)eratures  tin  does  not  oxidise^  and  this  very  important 
property  of  tin  allows  it  to  be  applied  in  many  cases  for  covering  other 
metals  to  prevent  their  oxidising.  This  is  termed  (inning.  Iron  and 
copper  are  frequently  tinned.  Iron  and  steel  sheets,  coated  with  tin, 
bear  the  name  of  tin  plate  (for  the  mqst  part  made  in  England),  and  are 
used  for  numerous  purposes.  Tin  plate  is  prepared  by  immersiiigiron 
sheets,  previously  thoroughly  cleansed  by  acid  and  mechanical  means, 
into  molten  tin.^''  ^^^ 

Tin  with  copper  forms  bronze^  an  alloy  which  is  most  extensively 
used  in  the  arts.  Bronze  has  various  colours  and  a  variety  of  phy- 
sical properties,  according  to  the  relative  amount  of  copper  and  tin 
which  it  contains.  "With  an  excess  of  copper  the  alloy  has  -d.  yellow 
colour ;  the  admixture  of  tin  imparts  considerable  hardness  and 
elasticity  to  the  copper.  An  alloy  containing  78  parts  of  copper  and 
about  22  per  cent,  of  tin  is  so  elastic  that  it  is  used  for  casting  bells, 
which  naturally  require  a  very  elastic  and  hard  alloy.^'"*     For  casting 

jtbis  If  after  this  the  coating  of  tin  be  rapidly  cooled — for  instance,  by  dashing 
water  over  it — it  crystallises  into  diverse  star-shaped  figures,  which  become  visible 
when  the  sheets  are  first  immersed  in  dilute  aqua  regia  and  then  in  a  solution  of 
caustic  soda. 

The  coating  of  iron  by  tin,  guards  it  against  the  direct  access  of  air,  but  it  only  pre- 
serves the  iron  from  oxidation  so  long  as  it  forms  a  perfectly  continuous  coating.  If 
the  iron  is  left  bare  in  certain  places,  it  will  be  i^owerfnlly  oxidised  at  these  spots, 
because  the  tin  is  electro-negative  with  respect  to  the  iron,  and  thus  the  oxidation 
is  confined  entirely  to  the  h'on  in  the  presence  of  tin.  Hence  ii  coating  of  tin  over 
iron  objects  only  partially  i^reser^'-es  them  from  rusting.  In  this  respect  a  coating  of 
zinc  is  more  effectual.  However,  a  dense  and  invariable  alloy  is  formed  over  the 
surface  of  contact  of  the  iron  and  tin,  which  binds  the  coating  of  tin  to  the  remaining 
mass  of  the  iron.  Tin  anay  be  fused  with  cast  iron,  and  gives  a  greyish-white  alloy, 
which  is  very  easily  cast,  and  is  used  for  casting  many  objects  for  which  iron  by  itself 
would  be  unsuitable  owing  to  its  ready  oxidisability  and  porosity.  The  coating  of  copper 
objects  by  tin  is  generally  done  to  preserve  the  copper  from  the  action  of  acid  liquids, 
which  would  attack  the  copi^er  in  the  presence  of  air  and  convert  it  into  soluble  salts. 
Tin  is  not  acted  on  in  this  mamier,  and  therefore  copper  vessels  for  the  preparation  of 
food  should  be  tinned. 

^^  The  ancient  Cliinese  alloys,  containing  about  20  p.c.  of  tin  (specific  gravity  of 
alloys  about  8*9),  which  have  been  rapidly  cooled,  are  distinguished  for  their  resonance 
and  elasticity.  These  alloys  were  formerly  manufactured  in  large  quantities  in  China  for 
the  musical  instruments  known  as  totn-toms.  Owing  to  their  hardness,  alloys  of  this 
nature  are  also  employed  for  casting  guns,  bearings,  &c.,  and  an  alloy  containing  about 
11  p.c.  of  tin  (corresponding  with  the  ratio  CuisSn)  is  Imown  as  gun-metal.  The  addition 
of  a  small  quantity  of  phosphorus,  up  to  2  p.  c,  renders  bronze  still  harder  and  more 
elastic,  and  the  alloy  so  formed  is  now  used  under  the  name  of  phosphor-bronze. 

The  alloy  SnCus  is  brittle,  of  a  bluish  colour,  and  has  nothing  in  common  with  either 
copper  or  tin  in  its  appearance  or  properties.  It  remains  perfectly  homogeneous  on  cool- 
ing, and  acquires  a  crystalline  structure  (Riche).  All  these  signs  clearly  indicate  that 
the  alloy  SnCus  is  a  product  of  chemical  combination,  which  is  also  seen  to  be  the  case 
from  its  density,  8*91.  Had  there  been  no  contraction,  the  density  of  the  alloy  would  be 
8"21.    It  is  the  heaviest  of  all  the  alloys  of  tin  and  copper,  because  the  density  of  tin  is 
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statues  and  various  large  or  small  ornamental  articles  alloys  containing 
2  to  5  p.  ..  of  tin,  10  to  30  p.  c.  of  zinc,  and  Qd  to  85  p.  c.  of  copper  are 
used.3*^  Tin  is  also  often  used  alloyed  with  lead,  for  making  various 
objects — for  instance,  drinking  vessels. 

Tin  decomposes  the  vapour  of  water  when  heated  with  it,  liberating 
thehvdrogen  and  forming  stannic  oxide.  Sulphuric  acid,  diluted  with  a 
considerable  quantity  of  water,  does  not  act,  or  at  all  events  acts  very 
slightly,  on  tin,  but  tin  reduces  hot  strong  sulphuric  acid,  when  not 
only  sulphurous  anhydride  but  also  sulphuretted  hydrogen  is  evolved. 
Hydrochloric  acid  acts  very  easily  on  tin,  with  evolution  of  hydrogen 
and  formation  of  stannous  chloride,  SnCl2,  in  solution,  which,  with  an 
excess  of  hydrochloric  acid  and  access  of  air,  is  converted  into  stannic 
chloride  :  SnClo  +  2HC1  +  O  =SnCl4  +  HgO.^^^i^  Nitric  acid  diluted 
with  a  considerable  quantity  of  water  dissolves  tin  at  the  ordinary  tem- 
perature, whilst  the  nitric  acid  itself  is  reduced,  forming,  amongst  other 
products,  ammonia  and  hydroxylamine.  Here  the  tin  passes  into  solu- 
tion in  the  form  of  stannous  nitrate.  Stronger  nitric  acid  (also  more 
dilute,  when  heated)  transforms  the  tin  into  its  highest  grade  of  oxida- 
tion, SnOg,  but  the  latter  then  appears  as  the  so-called  metastannic 

7*29  and  of  copper  8'S.  The  alloy  S11CU4,  specific  gi'avity  8'77,  lias  similar  properties. 
All  the  alloys  except  S11CU5  and  SuCu^  split  up  on  cooling;  a  portion  richer  in  copper 
solidifies  first  (this  phenomenon  is  termed  the  liquation  of  an  alloy),  but  the  above  two 
alloys  do  not  split  up  011  cooling.  In  these  and  many  similar  facts  we  can  clearly  dis- 
tinguish a  chemical  union  between  tlie  nictals  forming  au  alloy.  The  alloys  of  tin  and 
copper  were  known  in  very  remote  ages,  before  iron  was  used.  The  alloys  of  zinc  and 
tin  are  less  used,  but  alloys  composed  of  zinc,  tin,  and  copper  frequently  replace  the  more 
costly  bronze.     Concerning  the  alloys  of  lead  see  Note  46. 

^'-'  An  excelleut  proof  of  the  fact  that  alloys  and  solutions  ai"e  subject  to  law  is  given, 
amongst  others,  by  the  application  of  Raoult's  method  (Chapter  I.,  Note  49)  to  solutions 
of  diSerent  metals  in  tin.  Thus  Heycock  and  Neville  (1889)  showed  that  the  temperature 
of  solidification  of  molten  tin  (2'20'^'4)  is  lowered  by  the  presence  of  a  small  quantity  of  other 
metals  in  proportion  to  the  concentration  of  the  solution.  The  following  were  the  reduc- 
tions of  the  temperatui'e  of  solidification  of  tin  obtained  by  dissolving  in  it  atomic  propor- 
tions of  difEerent  metals  (for  example,  65  parts  of  zinc  in  11,800  parts  of  tin);  Zn  2°*53, 
Cu  2°-47,  Ag  '2--67,  Cd  2°-16,  Pb  2=-22,  Hg  2°-3,  Sb  2°  [rise],  Al  1°-S4.  As  Baoult's  method 
(Chapter  VII.)  enables  the  molecular  weight  to  be  determined,  the  almost  perfect  identity 
of  the  resultant  figures  (except  for  alujninium)  shows  that  the  molecules  of  copper,  silver, 
lead,  and  antimony  contain  one  atom  in  the  molecule^  like  zinc,  mercury,  and  cadmiimi. 
They  obtained  the  same  result  (1890)  for  Mg,  Na,  Ni,  Au,  Pd,  Bi  and  In.  It  should  here 
be  mentioned  that  Ramsay  (1889)  for  the  same  purpose  (the  determination  of  the  mole- 
cular weight  of  metals  on  the  basis  of  their  mutual  solution)  took  advantage  of  the 
variation  of  the  vapour*  tension  of  mercury  (see  Vol.  I.,  p,  134),  containing  various  metals 
in  solution,  and  he  also  found  that  the  above-mentioned  metals  contain  but  one  atom  in 
the  molecule. 

3y  biB  The  action  of  a  mixture  of  hydrochloric  acid  and  tin  fonus  an  excellent  means 
of  reducing,  wherein  both  the  hydrogen  liberated  by  the  mixture  (at  the  moment  of 
separation)  and  the  stannous  chloride  act  as  powerful  reducing  and  deoxidising  agents. 
Thus,  for  instance,  by  this  mixture  nitro-compounds  are  transformed  into  amido-com- 
pounds — that  is,  the  elements  of  the  group  NO2  are  reduced  to  NHo. 
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acid,  which  does  not  dissolve  in  nitric  acid,  and  therefore  the  tin  does 
not  pass  into  solution.  Feeble  acids — for  instance,  carbonic  and  organic 
acids — do  not  act  on  tin  even  in  the  presence  of  oxygen,  because  tin  does 
not  form  any  powerful  bases. 

It  is  important  to  remark  as  a  characteristic  of  tin  that  it  is  re- 
duced from  its  solutions  by  many  metals  which  are  more  easily  oxidised, 
as,  for  instance,  by  zinc. 


In  comhination,  tin  appears  in  the  two  types,  SnX4  and  SnX, 


37 


21 

compounds  of  the  intermediate  type,  Sn2X5,  being  also  known,  but  these 
latter  pass  with  remarkable  facility  in  most  cases  into  compounds  of 
the  higher  and  lower  types,  and  therefore  the  form  Sn  X3  cannot  be 
considered  as  independent. 

Stannous  oxide,  SnO,  in  an  anhydrous  condition  is  obtained  by 
boiling  solutions  of  stannous  salts  with  alkalis,  the  first  action  of 
the  alkali  being  to  precipitate  a  white  hydrate  of  stannous  oxide, 
Sn(OH)2SnO.  The  latter  when  heated  parts  with  water  as  easily  as  the 
hydrate  of  copper  oxide.  In  this  form  stannous  oxide  is  a  black  crystal- 
line powder  (specific  gravity  6'7)  capable  of  further  oxidation  when 
heated.  The  hydrate  is  freely  soluble  in  acids,  and  also  in  potassium 
and  sodium  hydroxides,  but  not  in  aqueous  ammonia.'*  This  property 
indicates  the  feeble  basic  properties  of  this  lower  oxide,  which  acts  in 
many  cases  as  a  reducing  agent. '^    Among  the  compounds  corresponding 

^7  Many  volatile  compounds  of  tin  are  known,  whose  molecular  weights  can  therefore 
be  established  from  their  vapour  densities.  Among  these  may  be  mentioned  stannic 
cliloride,  SnCl4,  and  stannic  ethide,  Sn(CoH5)4  (the  latter  boils  at  about  150°).  But 
V.  Meyer  found  the  vapour  density  of  stannous  chloride,  SnCl.^,  to  be  variable  between  its 
boiling  point  (606°)  and  1100°,  owing,  it  would  seem,  to  the  fact  that  the  molecule  then 
varies  from  Sn.2Cl4  to  SnClg,  but  the  vapour  density  proved  to  be  less  than  that  indicated 
by  the  first  and  greater  than  that  shown  by  the  second  formula,  although  it  approaches 
to  the  latter  as  the  temperature  rises — that  is,  it  presents  a  similar  phenomenon  to  that 
obseiTed  in  the  passage  of  N0O4  into  NO.,. 

38  "When  rapidly  boiled,  an  alkaline  solution  of  stannous  oxide  deposits  tin  and  forms 
stannic  oxide,  2SnO  =  Sn -I- Sn04,  which  remains  in  the  alkaline  solution. 

"  Weber  (1882)  by  precipitating  a  solution  of  stannous  oUoride  with  sodium  sulphite 
(this  salt  as  a  reducing  agent  prevents  the  oxidation  of  the  stannous  compound)  and  dis- 
solving the  washed  precipitate  in  nitric  acid,  obtained  crystals  of  stannous  nitrate, 
Sn(NO5)2,20H2O,  on  refrigerating  the  solution.  This  crystallo-hydrate  easily  melts,  and 
is  deliquescent.  Besides  this,  a  more  stable  anhydrous  basic  salt,  Sn(N03)2,SnO,  is 
easily  formed.  In  general,  stannous  oxide  as  a  feeble  base  easily  forms  basic  salts,  just 
as  cupric  and  lead  oxides  do.  For  the  same  reason  SnXa  easily  forms  double  salts. 
Thus  apotassium  salt,  SnK2Cl4,H.jO,  and  especially  an  ammonium  salt,  Sn(NH4)2Cl4,H20, 
called  ^mA  salt,  are  known.  Some  of  these  salts  are  used  in  the  arts,  owing  to  their 
being  more  stable  than  tin  salts  alone.  Stannous  bromide  and  iodide,  SnBrj  and  SuLj, 
resemble  the  chloride  in  many  respects. 

Among  other  stannous  salts  a  sulphate,  SnS04,  is  known.     It  is  formed  as  a  crystal- 
line powder  when  a  solution  of  stannous  oxide  in  sulphuric  acid  is  evaporated  under  the 
receiver  of  an  air-pump.     The  feeble  basic  character  of  the  stannous  oxide  is  clearly 
seen  in  this  salt.    It  decomposes  with  extreme  facility,  when  heated,  into  stannic  oxide 
VOL.  II.  K 
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with  stannous  oxide  the  most  remarkable  and  tlie  one  most  frequently 
used  is  stannous  chloride  or  chloridr  ,,/  tin,  SnGL,  also  called  proto- 
chloride  of  tin  (because  it  is  the  lowest  chloride,  containing  half  as 
much  Ol  as  SnClj).  It  is  a  transparent,  colourless,  crystalline  sub- 
stance, melting  at  250°  and  boiling  at  606°  Water  dissolves  it,  without 
visible  change  (in  reality  partial  decomposition  occurs,  as  we  shall  see 
presently).  It  is  also  soluble  in  ak-ohol.  It  is  obtained  by  heating  tin 
in  dry  hydrochloric  acid  gas,  the  hydrogen  being  then  liberated,  or 
by  dissolving  metallic  tin  in  hot  strong  hydrochloric  acid  and  then 
evaporating  quickly.  On  cooling,  crystals  of  the  monoclinic  system  are 
obtained  having  the  composition  SnCU,2H20.  An  aqueous  solution  of 
this  substance  absorbs  oxygen  from  the  atmosphere,  and  gives  a  precipi- 
tate containing  stannic  oxide.  Erom  this  it  follows  that  a  solution  of 
stannous  chloride  will  act  as  a  reducing  agent,  a  fact  frequently  made 
use  of  in  chemical  investigations — for  example,  for  reducing  metals 
from  their  solutions— since  even  mercury  may  be  reduced  to  a  metalHc 
state  from  its  salts  by  means  of  stannous  chloride.  This  reducing 
property  is  also  employed  in  the  arts,  especially  in  the  dyeing  industry, 
where  this  substance  in  the  form  of  a  crystalline  salt  finds  an  extensive 
application,  and  is  known  as  tin  salt  or  tin  crystals. 

Stannic  oxide,  SnO.^,  occurring  in  nature  as  tinstone,  or  cassiterite,  is 
foimed  during  the  oxidation  or  combustion  of  heated  tin  in  air  as  a 
white  or  yellowish  powder  which  fuses  with  difficulty.  It  is  prepared 
in  large  quantities,  being  used  as  a  white  vitreous  mixture  for  coat- 
ing ordinary  tiles  and  similar  earthenware  objects  with  a  layer  of 
easily  fusible  glass  or  enamel.  Acid  solutions  of  stannic  oxide  treated 
with  alkalis,  and  alkaline  solutions  treated  with  acids,  give  a  pre- 
cipitate of  stannic  hydroxide,  Sn(0H)4,  also  known  as  stannic  acid, 
which,  when  heated,  gives  up  water  and  leaves  the  anhydride,  SnOj, 
which  is  insoluble  in  acids,  clearly  showing  the  feebleness  of  its  basic 
character.  When  fused  with  alkali  hydroxides  (not  with  their  carbo- 
nates or  acid  sulphates),  an  alkaline  compound  is  obtained  which  is 
soluble  in  water.  Stannic  hydroxide,  like  the  hydrates  of  silica,  is  a 
colloidal  substance,  and  presents  several  different  modifications,  de- 
pending on  the  method  of  preparation,  but  having  an  identical  compo- 
sition ;  the  various  hydroxides  have  also  a  different  appearance,  and 
act  differently  with  reagents.  For  instance,  a  distinction  is  made 
between  ordinary  stannic  acid  and  metastannio  acid.     Stannic  acid  is 

and  sulphurous  anhydride,  but  it  easily  forms  double  salts  with  the  salts  of  the  alkali 
metals. 

In  gaseous  hydrochloric  acid,  Btannous  cliloride,  SnCl2,2H20,  forms  a  liquid  having 
the  composition  SnClgjHCljSH^O  (sp  gr.  2"2,  freezes  at  —  27°),  and  a  solid  salt,  SnClijH^O 
(Bngel). 
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produced  by  precipitation  by  soda  or  ammonia  from  a  freshly-prepared 
solution  of  stannic  chloride,  SnCl4,  in  water  ;  on  drying  the  precipitate 
thus  obtained,  a  non-crystalline  mass  is  formed,  which  is  freely  soluble 
in  strong  hydrochloric  or  nitric  acids,  and  also  in  potassium  and  sodium 
hydroxides.  This  ordinary  stannic  acid  may  be  still  better  obtained 
from  sodium  stannate  by  the  action  of  acids.  Aletastannic  acid  is 
insoluble  in  sulphuric  and  nitric  acids.  It  is  obtained  in  the  form  of 
a  heavy  white  powder  by  treating  tin  with  nitric  acid  ;  hydrochloric 
acid  does  not  dissolve  it  immediately,  but  changes  it  to  such  an  extent 
that,  after  pouring  off  the  acid,  water  extracts  the  stannic  chloride, 
SnClj,  already  formed.  Dilute  alkalis  not  only  dissolve  metastannic 
acid,  but  also  transform  it  into  salts,  which,  slowly,  yet  completely, 
dissolve  in  pure  lodter,  but  are  insoluble  even  in  dilute  alkali 
hydroxides.  Dilute  hydrochloric  acid,  especially  when  boiling,  changes 
the  ordinary  hydrate  into  metastannic  acid.  On  this  depends,  by 
the  way,  the  formation  of  a  white  precipitate,  stannic  hydroxide,  from 
solutions  of  stannous  and  stannic  chlorides  diluted  with  water.  The 
stannic  oxide  first  dissolved  changes  under  the  influence  of  hydro- 
chloric acid  into  metastannic  acid,  which  is  insoluble  in  water  in  the 
presence  of  hydrochloric  acid.  Solutions  of  metastannic  acid  differ 
from  solutions  of  ordinary  stannic  acid,  and  in  the  presence  of  alkali 
they  change  into  solutions  of  ordinary  acid,  so  that  metastannic  acid 
corresponds  principally  with  the  acid  compounds  of  stannic  oxide, 
and  ordinary  stannic  acid  with  the  alkaline  compounds.''"  Graham 
obtained  a  soluble  colloidal  hydroxide  ;  it  is  subject  to  the  same  trans- 
formations that  are  in  general  peculiar  to  colloids. 

Stannic  oxide  shows  the  properties  of  a  slightly  energetic  and  inter- 
mediate oxide  (like  water,  silica,  ifec.)  ;  that  is  to  say,  it  forms  saline 
compounds  both  with  bases  and  with  acids,  but  both  are  easily  de- 
composed, and  are  but  slightly  stable.  But  still  the  acid  character  is 
more  clearly  developed   than  the  basic,  as  in  silica,  germanio  oxide, 

*"  Fr^my  supposes  the  cause  of  the  difference  to  consist  in  t^  difference  of  i^oly- 
merisation,  and  considers  that  the  ordinary  acid  corresponds  witli  the  oxide  SnOo,  and 
the  meta-acid  with  the  oxide  SusGiq,  but  it  is  more  probable  that  botli  are  polymeric 
but  in  a  different  degree.  Stannic  acid  with  sodium  carbonate  gives  a  salt  of  the  com- 
position NagSnOs.  The  same  salt  is  also  obtained  by  fusing  metastannic  acid  with 
sodium  hydroxide,  whilst  metastannic  acid  gives  a  salt,  Na2Sn03,4SnO.^  (Fremy),  when 
treated  with  a  dilute  solution  of  alkali ;  moreover,  stannic  acid  is  also  soluble  in  the  ordi- 
nary stannate,  Na^SnOs  (Weber),  so  that  both  stannic  acids  (like  both  forms  of  silica)  are 
capable  of  polymerisation,  and  probably  only  differ  in  its  degree.  In  general,  there  is 
here  a  great  resemblance  to  silica,  and  Graham  obtained  a  solution  of  stannic  acid  by  the 
direct  dialysis  of  its  alkaline  solution.  The  main  difference  between  these  acids  is  that 
the  meta-acid  is  soluble  in  hydrochloric  acid,  and  gives  a  precipitate  with  sulphuric  acid 
and  stannous  clrloride,  which  do  not  precipitate  the  ordinary  acid.  Vignon  (1889) 
found  that  more  heat  is  evolved  in  dissolving  stannic  acid  in  KHO  than  metastannic,  - 

k2 
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and  lead  dioxide.  This  determines  the  character  of  the  compounds 
SnX4,  corresponding  to  stannic  chloride,  SnOlj  (also  called  tetrachloride 
of  tin).  It  is  obtained  in  an  anhydrous  condition  by  the  direct  action 
of  chlorine  on  tin,  and  is  then  easily  purified,  because  it  is  a  liquid 
boiling  at  114°,  and  therefore  can  be  easily  distilled.  Its  specific 
gravity  is  2-28  (at  0°),  and  it  fumes  in  the  open  air  (spiritus  fumans 
libavii),  reacting  on  the  moisture  of  the  air,  thus  showing  the 
properties  of  a  chloranhydride.  Water  however  does  not  at  first 
decompose  it,  but  dissolves  it,  and  on  evaporation  gives  the  crystallo- 
hydrate  SnCl4,5H20.  If  but  little  water  be  taken,  crystals  containing 
SnCl4,3H20  are  formed,  which  part  with  one-third  of  the  water  when 
placed  under  the  receiver  of  the  air-pump.  A  large  quantity  of  water 
however,  especially  on  heating,  causes  a  precipitate  of  metastannic 
acid  ^^  and  formation  of  HCl. 

^^  The  formation  of  the  compound  SnCl^jSH.jO  is  accompanied  by  so  great  a  contrac- 
tion that  these  crystals,  although  they  contain  water,  are  heavier  than  the  anhydrous 
chloride  SnCL^.  The  penta-hydrated  crystallo-hydrate  absorbs  dry  hydrochloric  acid,  and 
gives  a  liquid  of  specific  gravity  1'971,  which  at  0°  yields  crystals  of  the  compound 
SnCl4,2HCl,6H.jO  (it  corresponds  with  the  similar  platinum  compound),  which  melt  at  20'^ 
into  a  liquid  of  specific  gravity  1"925  (Engel). 

Stannic  chloride  combines  with  ammonia  (SnCl4,4NH5),  hydrocyanic  acid,  phospho- 
retted  hydrogen,  phosphorus  pentaehloride  (SnCl4,PCl5),  nitrous  anliydride  and  its 
chloranhydride  {SnCl4,N203  and  SnCl4,2NOCl),  and  with  metallic  chlorides  {for  example, 
!K2SnCl6,{NH4)ySnCl6,  &c.)  In  general,  n  highly- developed  faculty  for  combination  is. 
observed  in  it. 

Tin  does  not  combine  directly  with  iodine,  but  if  its  filings  be  heated  in  a  closed  tube 
with  a  solution  of  iodine  in  carbon  bisulphide,  it  forms  stannic  iodide,  Snl^,  in  the  form 
of  red  octahedra  which  fuse  at  142°  and  volatilise  at  295°.  The  fluorine  compounds  of 
tin  have  a  sjp^'^'i^l  interest  in  the  history  of  chemistry,  because  they  give  a  series  of 
double  salts  which  are  isomoi-phous  with  the  salts  of  hydrofluo  silicic  acid,  SiRg^e?  ^^^ 
this  fact  served  to  confirm  the  formula  SiOa  for  silica,  as  the  formula  SnOg  was  indubi- 
table. Although  stannic  fluoride^  SnP4,  is  almost  unknown  in  the  free  state,  its 
corresponding  double  salts  are  very  easily  formed  by  the  action  of  hydrofluoric  acid  on 
alkaline  solutions  of  stannic  oxide ;  thus,  for  example,  a  crystalline  salt  of  the  composi- 
tion SnK2Fo,H20  is  obtained  by  dissolving  stannic  oxide  in  potassium  hydroxide  and 
then  adding  hydrofluoric  acid  to  the  solution.  The  barium  salt,  SnBaFe,3H20,  is 
sparingly  soluble  like  its  corresponding  silicofluoride.  The  more  soluble  salt  of  strontium, 
SnSrPfi,2HoO,  crystallises  very  well,  and  is  therefore  more  important  for  the  purposes  of 
research ;  it  is  isomorphous  with  the  corresponding  salt  of  silicon  (and  titanium) ;  the 
magnesium  salt  contains  GH^O. 

Stannic  sulphide,  SnSa,  is  formed,  as  a  yellow  precipitate,  by  the  action  of  sul- 
phuretted hydrogen  on  acid  solutions  of  stannic  salts ;  it  is  easily  soluble  in  ammonium 
and  potassium  sulphides,  because  it  has  an  acid  character,  and  then  forms  thiostannates 
(see  Chapter  XX.)  In  an  anhydrous  state  it  has  the  form  of  brilliant  golden  yellow 
plates,  which  may  be  obtained  by  heating  a  mixture  of  finely-divided  tin,  sulphur,  and 
sal-ammoniac  for  a  considerable  time.  It  is  sometimes  used  in  this  form  under  the 
name  of  mosaic  gold,  as  a  cheap  substitute  for  gold-leaf  in  gilding  wood  articles.  On 
ignition  it  parts  with  a  j>ortion  of  its  sulphui-,  and  is  converted  into  stannous  sulphide 
SnS.  It  is  soluble  in  caustic  alkalis.  Hydrochloric  acid  does  not  dissolve  the  anhydrous 
crystalline  compound,  but  the  precipitated  powdery  sulphide  is  soluble  in  boiling  strong 
hydrochloric  acid,  with  the  evolution  of  hydrogen  sulphide. 
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The  alkali  compoiiiids  of  stannic  oxide — that  is,  the  compounds  in 
which  it  plays  the  part  of  an  acid,  corresponding  in  this  respect  to  the 
compounds  of  silica  and  other  anhydrides  of  the  composition  ROj — are 
very  easily  formed  and  are  used    in  the  arts.     Their  composition  in 
most  cases  corresponds  with  the  formula  SnM203 — that  is,  SnO(MO)2, 
similar  to  C0(M0)2,  where  M=:K,  Na.     Acids,  even  feeble  acids  like 
carbonic,  decompose  the  salts,  like  the  corresponding  compounds  of  alu- 
mina or  silica.     In  order  to  ohtain  potassium  siannate,  which  crystallises 
in  rhombohedra,  and    has   the   composition  SnK203,.SH20,  potassium 
hydroxide  (8  parts)  is  fused,  and  metastannic  acid  (.3  parts)  gradually 
added.     Sodium  stannate  is  prepared  in  practice  in  large  quantities  by 
heating  a  solution  of  caustic  soda  with  lead  oxide  and  metallic  tin. 
In  this  last  case  an  alkaline  solution  of  lead  oxide  is  formed,  and  the  tin 
acts  on  the  solution  in  such  a  way  as  to  reduce  the  lead  to  the  metallic 
state,  and  itself  passes  into  solution.     It  is  very  remarkable  that  lead 
displaces  tin  when  in  combination  with  acids,  whilst  tin,  on  the  con- 
trary,   displaces  lead  from  its   alkali    compounds.     By  dissolving  the 
mass  obtained  in  water,  and  adding  alcohol,  sodium  stannate  is  pre- 
cipitated,   which    may    then    be  dissolved   in  water  and    purified    by 
re-crystallisation.     In  this  case  it  has  the  composition  Sn]S'a203,3H20 
if  separated  from  strong  solutions,  and  Sn]Sra2O3,10H2O  when  crystal- 
lised  at  a  low  temperature   from  dilute  solutions.     In    the  arts  this 
salt  is  used  as  a  mordant  in  dyeing  operations.     With  a  cold  solution 
of   sodium  hydroxide  metastannic  acid  forms  a  salt  of  the  composition 
(NaHO)2,5Sn02,3H20,  from  which  Fremy  drew  his  conclusions  con- 
cerning the  polymerism  of  metastannic  acid.     Tin,  like  other  metals 
and  many  metalloids,  gives  a  peroxide  form  of   combination  or  per- 
stannic  oxide.     This  substance  was  obtained  by  Spring  (1889)  in  the 
form  of  a  hydrate,  H2Sn207  =  2(Sn03)H20,  by  mixing  a  solution  of 
SnClj,  containing  an  excess  of  HCl,  with  freshly  prepared  peroxide 
of  barium.     A  cloudy  liquid  is  then  obtained,  and  this  after   being 
subjected  to  dialysis  leaves   a   gelatinous    mass   which   on   drying  is 
found  to  have  the  composition  Sn2H207.     Above  100°  this  substance 
gives   ofi"  oxygen  and    leaves  SnOj.     It  is  evident   that  SnOg    bears 
the  same  relation  to  Sn02  as  H2O2  to  HjO  or  ZnOj  to  ZnO,  <fec. 

Tin  occupies  the  same  position  amongst  the  analogues  of  silicon  as 
cadmium  and  indium  amongst  the  analogues  of  magnesium  and 
aluminium  respectively,  and  as  in  each  of  these  cases  the  heavier 
analogues  with  a  high  atomic  weight  and  a  special  combination  of 
properties — namely,  mercury  and  thallium — are  known,  so  also  for 
silicon  we  have  lead  as  the  heaviest  analogue  (Pb=206),  with  a  series 
of  both  kindred  and  special  properties.     The  higher  type,  PbX^ — for 
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instance,  PbO., — is  in  a  chemical  sense  far  less  stable  than  the  lower 
type,  PbX.  The  ordinary  compounds  of  lead  correspond  with  the 
latter,  and  in  addition  to  this,  PbO,  although  not  particularly  ener- 
getic, is  still  a  decided  base  easily  forming  basic  salts,  PbXj  (PbO)„. 
Although  the  compounds  PbX ,  are  unstable  they  offer  many  points  of 
analogy  with  the  corresponding  compounds  of  tin  SnOj  ;  this  is  seen, 
for  instance,  in  the  fact  that  PbOj  is  a  feeble  acid,  giving  the  salt 
PbKjO,,  that  PbCl4  is  a  liquid  like  SnCl4  which  is  not  affected  by 
sulphuric  acid,  and  that  PbF.,  gives  double  salts,  like  SnF4  or  SiF^ 
(Brauner  1894.  See  Chapter  II.,  Note  49  bis)  ;  Pb(C2H,,)4  also 
resembles  Sn(C.2H5)4  &c.  All  this  shows  that  lead  is  a  true  analogue 
of  tin,  as  Hg  is  of  cadmium.'"  '''^ 

Lead  is  found  in  nature  in  considerable  masses,  in  the  form  of 
galena,  lead  sulphide,  PbS.'^  The  specific  gravity  of  galeiia  is  7'58, 
colour  grey  ;  it  crystallises  in  the  regular  system,  and  has  a  fine 
metallic  lustre.  Both  the  native  and  artificial  sulphides  are  insoluble 
in  acids  (hydrogen  sulphide  gives  a  black  precipitate  with  the  salts 
PbXj).''^  '''^  When  heated,  lead  melts,  and  in  the  open  air  is  either  totally 
or  partially  transformed  into  white  lead  sulphate,  PbS04,  as  it  also  is 
by  many  oxidising  agents  (hydrogen  peroxide,  potassium  nitrate). 
Lead  sulphate  is  also  insoluble  in  water,^'  and  lead  is  but  rarely  met 
with  in  this  form  in  nature.  The  chromates,  vanadates,  phosphates,  and 
similar  salts  of  lead  are  also  somewhat  rare.  The  carbonate,  PbCO,,  is 
sometimes  found  in  large  masses,  especially  in  the  Altai  region.  Lead 
sulphide  is  often  worked  for  extracting  the  silver  which  it  contains  ; 
and  as  the  lead  itself  also  finds  manifold  industrial  applications,  this 
work  is  carried  out  on  an  exceedingly  large  scale.  Many  methods  are 
employed.  Sometimes  the  lead  sulphide  is  decomposed  by  heating  it 
with  cast  iron.     The  iron  takes  up  the  sulphur  from  the  lead  and  forma 

41  bis  Although  this  has  long  been  gr-uerully  recognised  from  the  resemblance  between 
the  two  metals,  still  from  a  chemical  point  of  view  it  has  only  been  demonstrated  by 
means  of  the  periodic  law. 

■^-  Mixed  ores  of  copper  compounds  together  with  PbS  and  ZnS  are  frequently 
found  in  the  most  ancient  primary  rocks.  As  the  separation  of  the  metals  themselves 
is  difficult,  the  ores  are  separuted  by  a  method  of  selection  or  mechanical  sorting.  Such 
mixed  ores  occur  in  Russia,  in  many  parts  of  the  Caucasus,  and  in  the  Donetz  district 
(at  Nagolchik). 

42  bi9  Lead  sulphide  in  the  presence  of  zinc  and  hydrochloric  acid  is  completely 
reduced  to  metallic  lead,  all  the  sulphur  being  given  oft  as  hydrogen  sulphide. 

'^  Lead  sulphate,  PbS04,  occurs  in  nature  (anglesite)  in  transparent  brilliant  crystals 
which  are  isomorphous  with  barium  sulphate,  and  have  a  specific  gravity  of  6-8.  The 
same  salt  is  formed  on  mixing  sulphuric  acid  or  its  soluble  salts  with  solutions  of  lead 
salts,  as  a  hea^'y  wliite  precipitate,  which  is  insoluble  in  water  and  acids,  but  dissolves 
in  a  solution  of  ammonium  tartrate  in  the  presence  of  an  excess  of  ammonia.  This, 
test  serves  to  distinguish  this  salt  from  the  similar  salts  of  strontium  and  barium. 
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easily-fusible  iron  sulphide,  which  does  not  mix  with  the  heavier  reduced 
lead.  But  another  process  is  more  frequently  used  :  the  lead  ore  (it  must 
be  clean  ;  that  is,  free  from  earthy  matter,  which  may  be  easily  removed 
by  washing)  is  heated  in  a  reverberatory  furnace  to  a  moderate  tempera- 
ture with  a  free  access  of  air.  During  this  operation  part  of  the  lead 
sulphide  oxidises  and  forms  lead  sulphate,  PbS04,  and  lead  oxide. 
When  the  oxidation  of  part  of  the  lead  has  been  attained,  it  ia  neces- 
sary to  shut  off  the  air  supply  and  increase  the  temperature,  then  the 
oxidised  compounds  of  the  lead  enter  into  reaction  with  the  remaining 
lead  sulphide,  with  formation  of  sulphurous  anhydride  and  metallic  lead. 
At  first  from  PbS  +  O3,  PbO  +  SO2  are  formed,  and  also  from  PbS  +  O4 
lead  sulphate  PbS04,  and  then  PbO  and  PbSOj  react  with  the  remain- 
ing PbS,  according  to  the  equations  2PbO  +  PbS  =  3Pb  4-  SOj  and 
alsoPbS04  +PbS  =  2Pb  +  SSO^.^-' 

The  appearance  of  lead  is  well  known  ;  its  specific  gravity  is  II '3  ; 
the  bluish  colour  and  well-marked  metallic  lustre  of  freshly-cut  lead 
quickly  disappear  when  exposed  to  the  air,  because  it  becomes  coated 
with  a  layer — although  a  very  thin  layer — of  oxide  and  salts  formed 
by  the  moisture  and  acids  in  the  atmosphere.  It  melts  at  320°,  and 
crystallises  in  octahedra  on  cooling.  Its  softness  is  apparent  from 
the  flexibility  of  lead  pipes  and  sheets,  and  also  from  the  fact  that  it 
may  be  cut  with  a  knife,  and  also  that  it  leaves  a  grey  streak  when 
rubbed  on  paper.  On  account  of  its  being  so  soft,  lead  naturally 
cannot  be  applied  in  many  cases  where  most  metals  may  be  used  ;  but 
on  the  other  hand  it  is  a  metal  which  is  not  easily  changed  by 
chemical  reagents,  and  as  it  is  capable  of  being  soldered  and  drawn 
into  sheets,  <fec.,  lead  is  most  valuable  for  many  technical  uses.  Lead 
pipes   are   used  for  conveying  water  ''''  and   many  other   liquids,  and 

^^  According  to  J.  B.  Haiinay  (1894)  the  last  named  decomposition  (PbS-t-PbSO^ 
=  2Pb  -h  2SO2)  is  really  much  more  compHcated,  and  in  fact  a  portion  of  the  PbS  is 
dissolved  in  the  Pb,  forming  a  slag  containing  PbO,  PbS  and  PbS04,  whilst  a  portion 
of  the  lead  volatilises  with  the  SO2  in  the  form  of  a  compound  PbS202,  which  is  also 
formed  in  other  cases,  but  has  not  yet  been  thoroughly  studied. 

Besides  these  methods  for  extracting  lead  from  PbS  in  its  ores,  roasting  (the  removal 
of  the  S  in  the  form  of  SOg)  and  smelting  with  charcoal  with  a  blast  in  the  same 
manner  as  in  the  manufacture  of  pig  iron  (Chapter  XXII.)  are  also  employed.  ) 

We  may  add  that  PbS  in  contact  with  Zn  and  hydrochloric  acid  (which  has  no  action 
upon  PbS  alone)  entirely  decomposes,  forming  H2S  and  metallic  lead  :  PbS  -I-  Zn  -f  2HC1 
=  Pb4-ZnCl2-l-H2S. 

As  lead  is  easily  reduced  from  its  ores,  and  the  ore  itself  has  a  metallic  appearance,  it 
is  not  surprising  that  it  was  known  to  the  ancients,  and  that  its  properties  were  familiar 
to  the  alchemists,  who  called  it '  Saturn.'  Hence  metallic  lead,  reduced  from  its  salts  iu 
solution  by  zinc,  having  the  appearance  of  a  tree-like  mass  of  crystals,  is  called  '  arbor 
saturni,'  &c. 

**  Freshly  laid  new  lead  pipes  contaminate  the  water  with  a  certain  amount  of  lead 
salts,  arising  from  the  presence  of  oxygen,  carbonic  acid,  &c.,  in  the  water.    But  the 
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sheet  lead  is  used  for  lining  all  kinds  of  vessels  containing  liquids — 
(acids,  for  instance)  which  act  on  other  metals.  This  particularly  refers 
to  sulphuric  and  hydrochloric  acids,  because  at  a  low  temperature  they 
do  not  act  on  lead,  and  if  they  form  lead  sulphate,  PbS04,  and  chloride, 
PbClj,  these  salts  being  insoluble  in  water  and  in  acids,  cover  the 
lead  and  protect  it  from  further  corrosion.''^  All  soluble  preparations 
of  lead  are  poisonous.  At  a  white  heat  lead  may  be  partially  distilled  ; 
the  vapours  oxidise  and  burn.  Lead  may  also  be  easily  oxidised  at 
low  temperatures.  Lead  only  decomposes  water  at  a  white  heat, 
and  does  not  liberate  hydrogen  from  acids,  with  the  exception  only 
of  very  strong  hydrochloric  acid  and  then  only  when  boiling. 
Sulphuric  acid  diluted  with  water  does  not  act  on  it,  or  only  acts 
very  feebly  at  the  surface  ;  but  strong  sulphuric  acid,  when  heated, 
is  decomposed  by  it,  with  the  evolution  of  sulphurous  anhydride.  The 
best  solvent  for  lead  is  nitric  acid,  which  transforms  it  into  a  soluble 
salt,  Pb(N03)2. 

Although  acids  thus  have  directly  but  little  effect  on  lead,  and 
this  is  one  of  its  most  important  practical  properties,  yet  when  air 
has  free  access,  lead  {like  copper)  very  easily  reads  with  many  acids,  even 
with  those  which  are  comparatively  feeble.  The  action  of  acetic  acid 
on  lead  is  particularly  striking  and  often  applied  in  practice.  If  lead 
be  plunged  into  acetic  acid  it  does  not  change  at  all  and  does  not  pass 
into  solution,  but  if  part  of  the  lead  be  immersed  in  the  acid,  and 
the  other  part  remain  in  contact  with  the  air,  or  if  lead  be  merely 
covered  with  a  thin  layer  of  acetic  acid  in  such  a  way  that  the  air 
is  practically  in  contact  with  the  metal,  then  it  unites  with  the  oxygen 
of  the  air  to  form  oxide,  which  combines  with  the  acetic  acid  and 
forms  lead  acetate,  soluble  in  water.  The  formation  of  lead  oxide  is 
especially  marked  from  the  fact  that  with  a  sufficient  quantity  of  air 

lead  pipes  under  the  action  of  running  water  soon  become  coated  with  a  film  of  salts — 
lead  sulphate,  carbonate,  chloride,  &c. — which  are  insoluble  in  water,  and  the  water  pipes 
then  become  harmless. 

^"^  Lead  is  used  in  the  arts,  and  owing  to  its  considerable  density,  it  is  cast,  mixed 
with  small  quantities  of  other  metals,  into  shot.  A  considerable  amount  is  employed 
(together  with  mercury)  in  extracting  gold  and  silver  from  poor  ores,  and  in  the  manu- 
facture of  chemical  reagents,  and  especially  of  lead  chromate.  Lead  chromate,  PbCr04, 
is  distinguished  for  its  brilliant  yellow  colour,  owing  to  which  it  is  employed  in  consider- 
able quantities  as  a  dye,  mainly  for  dyeing  cotton  tissues  yellow.  It  is  formed  on  the  tissue 
itself,  by  causing  a  soluble  salt  of  lead  to  react  on  potassium  chromate.  Lead  cliromate 
is  met  with  in  nature  as  *  red  lead  ore.'  It  is  insoluble  in  water  and  acetic  afiid,  hut 
it  dissolves  in  aqueous  potash.  The  so-called  pewter  vessels  often  consist  of  an  alloy  of 
6  parts  of  tin  and  1  part  of  lead,  and  solder  is  composed  of  1  to  2  parts  of  tin  with  J  part 
of  lead.  Amongst  the  alloys  of  lead  and  tin,  Eudberg  states  that  the  alloy  PbSnj  stands 
out  from  the  rest,  since,  according  to  his  observations,  the  temperature  of  solidification 
of  the  alloy  is  187". 
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not    only   is    the    norma]     lead    acetate    formed   but    also    the   basic 
salts.'*^ 

When  oxidising  in  the  presence  of  air,"^^  when  heated  or  in  the 
presence  of  an  acid  at  the  ordinary  temperature,  lead  forms  compounds 
of  the  type  PbX2.  Lead  oxide,  PbO,  known  in  industry  as  litharge, 
silberglatte  (this  name  is  due  to  the  fact  that  silver  is  extracted  from  the 
lead  ores  of  this  kind)  and  massicot.  If  the  lead  is  oxidised  in  air  at  a 
high  temperature,  the  oxide  which  is  formed  fuses,  and  on  cooling  is 
easily  obtained  in  fused  masses  which  split  up  into  scales  of  a  yellowish 
colour,  having  a  specific  gravity  of  9*3  ;  in  this  form  it  bears  the  name 
of  litharge.  Litharge  is  principally  used  for  making  lead  salts,  for 
the  extraction  of  metallic  lead,  and  also  for  the  preparation  of 
drying  oils — for  instance,    from   linseed  oil.*^     When    oxidised    care- 

^^  The  normal  lead  acetate,  knowji  in  trade  as  sugar  of  lead,  owing  to  its  having  a 
sweetish  taste,  has  the  formula  Ph(CoH502)2,3HoO.  This  salt  only  crystallises  from  acid 
solutions.  It  is  capable  of  dissolving  a  further  quantity  of  lead  oxide  or  of  metallic  lead  in 
the  presence  of  air.  A  basic  salt  of  the  composition  Pb(C2H502)2)Ft)H202  is  then  formed 
which  is  soluble  in  water  and  alcohol.  As  in  this  salt  the  number  of  atoms  is  even  and  the 
same  as  in  the  hydrate  of  acetic  acid,  C2H40o,H20  =  C2H5(OH)3,  it  may  be  represented  as 
this  hydrate  in  which  two  of  hydrogen  are  replaced  by  lead — that  is,  as  C2H5(OH)(02Pb). 
This  basic  salt  is  used  in  medicine  as  a  remedy  for  inflammation,  for  bandaging  wounds, 
&c.,  and  also  in  the  manufacture  of  white  lead.  Other  basic  acetates  of  lead, 
containing  a  still  greater  amount  of  lead  oxide,  are  known.  According  to  the  above 
representation  of  the  composition  of  the  preceding  lead  acetate,  a  basic  salt  of  the  com- 
position (C2H5)2(02Pb)5  would  be  also  possible,  but  what  appear  to  be  still  more  basic 
salts  are  known.  As  the  character  of  a  salt  also  depends  on  the  property  of  the  base 
from  which  it  is  formed,  it  would  seem  that  lead  forms  a  hydroxide  of  the  composition 
HOPbOH,  containing  two  water  residues,  one  or  both  of  which  may  be  replaced  by  the 
acid  residues.  If  both  water  residues  are  replaced,  a  normal  salt,  SPbX,  is  obtained, 
whilst  if  only  one  is  replaced  a  basic  salt,  XPbOH,  is  formed.  But  lead  does  not  only 
give  this  normal  hydroxide,  but  also  polyhydroxides,  Pb(OH),-raPbO,  and  if  we  may  imagine 
that  in  these  polyhydroxides  there  is  a  substitution  of  both  the  water  residues  by  acid 
residues,  then  the  power  of  lead  for  fonning  basic  salts  is  explained  by  the  properties  of 
the  base  which  enters  into  their  composition. 

^^  Few  compounds  are  known  of  the  lower  type  PbX,  and  still  fewer  of  the  inter- 
mediate type  PbXg.  To  the  first  type  belongs  the  so-called  lead  suboxide,  Pb20,  ob- 
tained by  the  ignition  of  lead  oxalate,  C2Pb04,  without  access  of  air.  It  is  a  black  powder, 
which  easily  breaks  up  under  the  action  of  acids,  and  even  by  the  simple  action  of  heat, 
into  metallic  lead  and  lead  oxide.  This  is  the  character  of  all  suboxides.  They  cannot 
be  regarded  as  independent  salt-forming  oxides,  neither  can  those  forms  of  oxidation  of 
lead  which  contain  more  oxygen  than  the  oxide  of  lead,  PbO,  and  less  than  the  dioxide, 
PbOg.  As  we  shall  see,  at  least  two  such  compounds  are  formed.  Thus,  for  example, 
an  oxide  having  the  composition  PbgOs  is  known,  but  it  is  decomposed  by  the  action  of 
acids  into  lead  oxide,  which  passes  into  solution,  and  lead  dioxide,  which  remains  behind. 
Such  is  red  lead.     (See  further  on.) 

*^  In  the  boiling  of  drying  oils,  the  lead  oxide  partially  passes  into  solution,  forming 
a  saponified  compound  capable  of  attracting  oxygen  and  solidifying  into  a  tar-like  mass, 
which  forms  the  oil  paint.     Perhaps,  however,  glycerine  partially  acts  in  the  process. 

Ossovetsky  by  saturating  drying  oil  with  the  salts  of  certain  metals  obtained  oil 
colours  of  great  durability. 

A  mixture  of  very  finely-divided  litharge  with  glycerine  (50  parts  of  litharge  to  5  c.c. 
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fully  and  slightly  heated,  lead  forms  a  powdery  (not  fused)  oxide 
known  under  the  name  of  massicot.  It  is  best  prepared  in  the 
laboratory  hiy  heating  lead  nitrate,  or  lead  hydroxide.  It  has  a 
yellow  colour,  and  differs  from  litharge  in  the  greater  difficulty  with 
which  it  forms  lead  salts  with  acids.  Thus,  for  instance,  when 
massicot  is  moistened  with  water  it  does  not  attract  the  carbonic  acid 
of  the  air  so  easily  as  litharge  does.  It  may,  however,  be  imagined 
that  the  cause  of  the  difference  depends  only  on  the  formation  of 
dioxide  on  the  surface  of  the  lead  oxide,  on  which  the  acids  do  not 
act  In  any  case  lead  oxide  is  comparatively  easily  soluble  in  nitric 
and  acetic  acids.  It  is  but  slightly  soluble  in  water,  but  com- 
municates an  alkaline  reaction  to  it,  since  it  forms  the  hydroxide. 
This  hydroxide  is  obtained  in  the  shape  of  a  white  precipitate  by  the 
action  of  a  small  quantity  of  an  alkali  hydroxide  on  a  solution  of  a 
lead  salt.  An  excess  of  alkali  dissolves  the  hydroxide  separated,  which 
fact  demonstrates  the  comparatively  indistinct  basic  properties  of  lead 
oxide.  The  normal  lead  hydroxide,  which  should  have  the  composition 
Pb(0H).2,  is  unknown  in  a  separate  state,  but  it  is  known  in  combina- 
tion with  lead  oxide  as  Pb(OH),,2PbO  or  Pb302(OH).2.  The  latter 
is  obtained  in  the  form  of  brilliant,  white,  octahedral  crystals  when 
basic  lead  acetate  is  mixed  with  ammonia  and  gently  heated.  The 
basic  qualities  of  this  hydroxide  are  shown  distinctly  by  its  absorbing 
the  carbonic  anhydride  of  the  air.  When  an  alkaline  solution  of  the 
hydroxide  is  boiled,  it  deposits  lead  oxide  in  the  form  of  a  crystalline 
powder. 

Lead  oxide  forms  but  few  soluble  salts — for  instance,  the  nitrate 
and  the  acetate.  The  majority  of  its  salts  (sulphate,  PbS04  ;  carbonate, 
PbCOj  ;  iodide,  Pblj,  &c.)  are  insoluble  in  water.  These  salts  are 
colourless  or  light  yellow  if  the  acid  be  colourless.  In  lead  oxide  the 
faculty  of  forming  basic  salts,  PbX2nPbO  or  PbX2nPbH202,  is  strongly 
developed.  A  similar  property  was  observed  in  magnesium  and  also 
in  the  salts  of  mercury,  but  lead  oxide  forms  basic  salts  with  still 
greater  facility,  although  double  salts  are  in  this  case  more  rarely 
formed.'^" 

of  anhydrous  glycerine)  forms  a  very  quick  (two  minutes)  setting  cement,  which  is  insoluble 
in  water  and  oils,  and  is  very  useful  in  setting  up  chemical  apparatus.  The  hardening  is 
based  on  the  reaction  of  the  lead  oxide  with  glycerine  (Moraffsky). 

^  It  is  ver>'  instructive  to  obser\-e  that  lead  not  only  easily  forms  basic  salts,  but  also 
salts  containing  several  acid  groups.  Thus,  for  example,  lead  carbonate  occurs  in  nature 
and  forms  compounds  with  lead  chloride  and  sulphate.  The  first  compound,  known  as 
corneous  lead,plwsgemtc,htis  the  composition  PbCO^.PbClj ;  it  occurs  in  nature  in  bright 
cubical  crjstals,  and  is  prepared  artificially  by  simply  boiling  lead  chloride  with  lead 
carbonate.  A  similar  compound  of  normal  salts,  PbS04,PbC0.-,  occurs  in  nature  as 
lanarkitf  in  monocliuic  crystals.     Leadhillife  contains  PbS04,3PbC05,  and  also  occurs 
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Amongst  the  soluble  lead  salts,  that  best  known  and  most  often 
applied  in  practical  chemistry  is  lead  nitrate,  obtained  directly  by 
dissolving  lead  or  its  oxide  in  nitric  acid.  The  normal  salt,  Pb{NQ3)2, 
crystallises  in  octahedra,  dissolves  in  water,  and  has  a  specific  gravity 
of  4"5.  When  a  solution  of  this  salt  acts  on  white  lead  or  is  boiled 
with  litharge,  the  basic  salt,  having  a  composition  Pb(0H)(Isr03),  is 
formed  in  crystalline  needles,  sparingly  soluble  in  cold  water  but  easily 
dissolved  in  hot  water,  and  therefore  in  many  respects  resembling  lead 
chloride.  When  the  nitrate  is  heated,  either  lead  oxide  is  obtained  or 
else  the  oxide  in  combination  with  peroxide. 

Lead  chloride,  PbCl2,  is  precipitated  from  the  soluble  salts  of  lead 
when  a  strong  solution  is  treated  with  hydrochloric  acid  or  a  metallic 
chloride.  It  is  soluble  in  considerable  quantities  in  hot  water,  and 
therefore  if  the  solutions  be  dilute  or  hot,  the  precipitation  of  lead 
chloride  does  not  occur,  and  if  a  hot  solution  be  cooled,  the  salt 
separates  in  brilliant  prismatic  crystals.  It  fuses  when  heated  (like 
silver  chloride),  but  is  insoluble  in  ammonia.     This  salt  is  sometimes 


in  yellowish,  monoclinic,  tabular  crystals.  "We  will  turn  our  attention  to  these  salts  of 
lead,  because  it  is  very  probable  that  their  foraiation  is  allied  to  the  formation  of  the 
basic  salts,  and  the  following  considerations  may  lead  to  the  explanation  of  the  e.xist- 
ence  of  both.  In  describing  silica  we  carefully  developed  the  conception  of  polymerisa- 
tion, which  it  is  also  indispensable  to  recognise  in  the  composition  of  many  other 
oxides.  Thus  it  may  be  supposed  that  PbOg  is  a  similar  polymerised  compound  to 
SiOg— i.e.  that  the  composition  of  lead  peroxide  will  be  Pb^Ci/i,  because  lead  methyl, 
PbMe^,  and  lead  ethyl,  PbEt4,  are  volatile  compounds,  whilst  PbO.^  is  non-volatile,  and  is 
very  like  silica  in  this  respect,  and  not  in  the  least  like  carbonic  anhydride.  Still  more 
should  a  polymeric  structure,  Pb,[0,i,  be  ascribed  to  lead  oxide,  since  it  differs  as  little 
from  lead  dioxide  in  its  physical  properties  as  carbonic  oxide  does  from  carbonic 
anhydride,  and  being  an  unsaturated  compound  is  more  likely  to  be  capable  of  inter- 
combination  (polymerisation)  than  lead  dioxide.  These  considerations  respecting  the 
complexity  of  lead  oxide  could  have  no  real  significance,  and  could  not  be  accepted,  were 
it  not  for  the  existence  of  the  above-mentioned  basic  and  mixed  salts.  The  oxide  apparently 
corresponds  with  the  composition  Pb„X2«,  and  since,  according  to  this  representation,  the 
number  of  S's  in  the  salts  of  lead  is  considerable,  it  is  obvious  that  they  may  be  diverse. 
Wlien  a  part  of  these  X's  is  replaced  by  the  water  residue  (OH)  or  by  oxygen,  X.,  =  O,  and 
the  other  parts  by  an  acid  residue,  X,  then  basic  salts  are  obtained,  but  if  a  part  of  the 
X's  is  replaced  by  acid  residues  of  one  kind,  and  the  other  part  by  acid  residues  of  another 
kind,  then  those  mixed  salts  about  which  we  are  now  speaking  are  formed.  Thus,  for 
example,  we  may  suppose,  for  a  comparison  of  the  composition  of  the  majority  of  the 
salts  of  lead,  that  ?i  =  12,  and  then  the  above-mentioned  compounds  will  present  them- 
selves in  the  following  form ;— Lead  oxide,  PbijOij,  its  crystalline  hydrate,  PbioOgfOHJs, 
lead  chloride,Pbi2Cl24,  lead  oxychloride,  Pbi-jCliaOg,  the  other  oxychloride,  Pbi.,(ok)6Cl605, 
mendipite  (see  Note  51),  PbijClgOs,  normal  lead  carbonate,  Pbi2(C05)i.,,  crystalline  basic 
salt,  Pbi2(OH)6(C05)e,  white  lead,  Pb,.,(C05)8(HO)8,  corneous  lead,  PbijClijCCOj)^, 
lanarkite,  Pbij(C03)6(S04)6,  leadhillite,  Pbi2(C05)9(S04),-„  &c.  The  number  12  is  only 
taken  to  avoid  fractional  quantities.  Possibly  the  polymerisation  is  much  higher  than 
this.  The  theory  of  the  polymerisation  of  oxides  introduced  by  me  in  the  first  edition  of 
this  work  (1869)  is  now  beginning  to  be  generally  accepted. 
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met  with  in  nature,  and  vvlieu  heated  in  air  is  capable  of  exchanging 
half  its  chlorine  for  oxygen,  forming  the  basic  salt  or  lead  oxychloride, 
PbCljPbO,  which  may  also  be  obtained  by  fusing  PbClj  andPbO  together. 
The  reaction  of  lead  chloride  with  water  vapour  leads  to  the  same 
conclusion,  showing  the  feeble  basic  character  of  lead  SPbClj  +  HjO 
=PbOl2,PbO  +  2HC1.  When  ammonia  is  added  to  an  aqueous  solution 
of  lead  chloride  a  white  precipitate  is  formed,  which  parts  with  water 
on  being  heated,  and  has  the  composition  Pb(OH)Cl,PbO.  This  com- 
pound is  also  formed  by  the  action  of  metallic  chlorides  on  other  soluble 
basic  salts  of  lead.'' 

Lead  carbonate,  or  white  lead,  is  the  most  extensively  used  basic 
lead  salt.  It  has  the  valuable  property  of  '  covering,'  which  only  to  a 
certain  extent  appertains  to  lead  sulphate  and  other  white  powdery 
substances  used  as  pigments.  This  faculty  of  '  covering  '  consists  in 
,the  fact  that  a  small  quantity  of  white  lead  mixed  with  oil  spreads 
uniformly,  and  if  such  a  mixture  be  spread  over  a  surface  (for  instance, 
of  wood  or  metal)  the  surface  is  quickly  covered — that  is,  light  does  not 
penetrate  through  even  a  very  thin  layer  of  superposed  white  lead  ;  thus, 
for  example,  the  grain  of  the  wood  remains  invisible.^^  White  lead, 
or  basic  lead  carbonate,  after  being  dried  at  120°,  has  a  composition 
Pb(OH)2,2PbC03.'''     It  may  be  obtained  by  adding  a  solution  of  sodium 

^^  A  similar  basic  salt  baying  a  wbite  colour,  and  therefore  used  as  a  substitute  for 
white  lead,  is  also  obtained  by  mixing  a  solution  of  basic  lead  acetate  with  a  solution  of 
lead  chloride.  Its  formation  is  expressed  by  the  equation:  2PbX(OH),PbO  +  PbCl2 
=  2Pb(OH)Cl,PbO  +  PbX2.  Similar  basic  compounds  of  lead  are  met  with  in  nature 
— for  instance,  Ttiendipite,  PbCl,2PbO,  wliich  appears  in  brilliant  yellowish-white 
masses.  The  ignition  of  red  lead  with  sal-ammoniac  results  in  similar  polybasic 
compounds  of  lead  chloride,  forming  the  Cassel's,  or  mineral  yellow  of  the  composition 
PbCl2nPbO.  Lead  iodide,  Pbl2,  is  still  less  soluble  than  the  cliloride,  and  is  therefore 
obtained  by  mixing  potassium  iodide  with  o  solution  of  a  lead  salt.  It  separates  as  a 
yellow  powder,  which  may  be  dissolved  in  boiling  water,  and  on  cooling  separates  in  very 
brilliant  crystalline  scales  of  a  golden  yellow  colom-.  The  salts  PbBrj,  PbFj,  PbfCNjj, 
Pb2Fe(CN)s  are  also  insoluble  in  water,  and  form  white  precipitates. 

52  It  is  remarkable  that  a  peculiar  kind  of  attraction  exists  between  boiled  linseed 
oil  and  white  lead,  as  is  seen  from  the  following  experiments.  White  lead  is  triturated 
in  water.  Although  it  is  heavier  than  water,  it  remains  in  suspension  in  it  for  some  time 
and  is  thoroughly  moistened  by  it,  so  that  the  trituration  may  be  made  perfect ;  boiled 
linseed  oil  is  then  added,  and  shaken  up  with  it.  A  mixture  of  the  oil  and  white  lead  is 
then  found  to  settle  at  the  bottom  of  the  vessel.  Although  the  oil  is  much  lighter  than 
the  water  it  does  not  float  on  the  top,  but  is  retained  by  the  white  lead  and  sinks  under 
the  water  together  with  it.  There  is  not,  however,  any  more  perfect  combination  nor 
even  any  solution.  If  the  resultant  mass  be  then  treated  with  ether  or  any  other  hguid 
capable  of  dissolving  the  oil,  the  latter  passes  into  solution  and  leaves  the  white  lead 
unaltered. 

5'  It  may  be  regarded  as  a  salt  corresponding  with  the  normal  hydi-ate  of  carbonic 
acid,  C(OH)4,  in  which  three-quarters  of  the  hydrogen  is  replaced  by  lead.  A  salt  is  also 
known  in  which  all  the  hydrogen  of  tliis  hydrate  of  carbonic  acid  is  replaced  by  lead — 
namely,  the  salt  containing  004?^.     Tliis  salt  is  obtained  as  a  white  crystalline  sub- 
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carbonate  to  a  solution  of  one  of  the  basic  salts  of  lead — for  instance, 
the  basic  acetate — and  likewise  by  treating  this  latter  with  carbonic 
acid.  For  this  purpose  the  solution  of  basic  acetate  is  poured  into  the 
vessel/;  it  is  prepared  in  the  vat  A,  containing  litharge,  into  which 
the  pump  P  delivers  the  solution  of  the  acetate,  which  remains  after 
the  action  of  carbonic  anhydride  on  the  basic  salt.  In  A  a  basic  salt  is 
formed  having  a  composition  approaching  toPbi(OH)5(C2H302)2  ;  car- 
bonic anhydride,  2CO2,  is  passed  through  this  solution  and  precipitates 


Fig.  82. — Manufacture  of  white  lead. 

white  lead,  Pb2(OH)2(C03)2,  and  normal  lead  acetate,  Pb(C2H302)2,  re- 
mains in  the  solution,  and  is  pumped  back  into  the  vat  A  containing 
lead  oxide,  where  the  normal  salt  is  again  (on  being  agitated)  converted 
into  the  basic  salt.  This  is  run  into  the  vessel  E,  and  thence  into  /. 
Into  the  latter  carbonic  anhydride  is  delivered  from  the  generator  D, 
and  forms  a  precipitate  of  white  lead.'^'^'s 

In  order  to  mark  the  transition  from  lead  oxide,   PbO,  into  lead 
dioxide   Pb02    (plumbic    anhydride),   it   is   necessary   to    direct    our 


stance  by  the  action  of  water  and  carbonic  acid  on  lead.  The  normal  salt,  PbCOs,  occurs 
in  nature  under  the  name  of  white  lead  ore  (sp.  gr.  6"47),  in  crystals,  isomorphous  with 
aragonite,  and  is  formed  by  the  double  decomposition  of  lead  nitrate  with  sodium  car- 
bonate, as  a  heavy  white  precipitate.  Thus  both  these  salts  resemble  white  lead,  but 
the  first-named  salt  is  exclusively  used  in  practice,  owing  to  its  being  very  conveniently 
prepared,  and  being  characterised  by  its  great  covering  capacity,  or  '  body,'  due  to  its 
fine  state  of  division. 

53bis  One  of  the  many  methods  by  which  white  lead  is  prepared  consists  in  mixing 
massicot  with  acetic  acid  or  sugar  of  lead,  and  leaving  the  mixture  exposed  to  air  (and 
re-mixing  from  time  to  time),  containing  carbonic  acid,  which  is  absorbed  from  the 
surface  by  the  basic  salt  formed.  After  repeated  mixings  (with  the  addition  of  water), 
the  entire  mass  is  converted  into  white  lead,  which  is  thus  obtained  very  finely  divided. 
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attention  to  the  intermediate  oxide,  or  red  lead,  Pb304.''  In  the  arts 
it  is  used  in  considerable  quantities,  because  it  forms  a  very  durable 
yellowish-red  paint  used  for  colouring  the  resins  (shellac,  colophony, 
<fec.)  composing  sealing  wax.  It  also  forms  a  very  good  cheap  oil 
paint,  used  especially  for  painting  metals,  more  particularly  because 
drying  oils — for  instance,  hemp  seed,  linseed  oils — very  quickly  dry 
with  red  lead  and  with  lead  salts.  Red  lead  is  prepared  by  slightly 
heating  massicot,  for  which  purpose  two-storied  stoves  are  used.  In 
the  lower  story  the  lead  is  turned  into  massicot,  and  in  the  higher 
one,  having  the  lower  temperature  (about  300°),  the  massicot  is  trans- 
formed into  red  lead.  Freray  and  others  showed  the  instability  of  red 
lead  prepared  by  various  methods,  and  its  decomposition  by  acids,  with 
formation  of  lead  dioxide,  which  is  insoluble  in  acids,  and  a  solution 
of  the  salts  of  lead  oxide.  .The  artificial  production  (synthesis)  of  red 
lead  by  double  decomposition  was  most  important.  For  this  purpose 
Fremy  mixed  an  alkaline  solution  of  potassium  plumbate,  KoPbOj  (pre- 
pared by  dissolving  the  dioxide  in  fused  potash),*''  '''^  with  an  alkaline 
solution  of  lead  oxide.  In  this  way  a  yellow  precipitate  of  minium 
hydrate  is  formed,  which,  when  slightly  heated,  loses  water  and  turns 
into  bright  red  anhydrous  minium  PbjOj. 

Minium  is  the  first  and   most  ordinary  means   of  producing  lead 
■dioxide,    or   plumbic    anhydride,    PbOj,''  because    when    red   lead   is 

^■*  If  lead  hydroxide  be  dissolved  in  potash  and  sodium  hypochlorite  be  added  to 
the  solution,  the  oxygen  of  the  latter  acts  on  the  dissolved  lead  oxide,  and  partially 
converts  it  into  dioxide,  so  that  the  so-called  lead  sesquioxide  is  obtained ;  its  empirical 
formula  is  Pb.^Os.  Probably  it  is  nothing  but  a  lead  salt — i.e.  is  referable  to  the  type  of 
dioxide  of  lead,  or  its  hydroxide,  PbO(OH).2,  in  which  two  atoms  of  hydrogen  are  replaced 
by  lead,  PbO(02Pb).  The  brown  compound  precipitated  by  the  action  of  dilute  acids— 
for  example,  nitric — splits  up,  even  at  the  ordinary  temperature,  into  insoluble  lead 
dioxide  and  a  solution  of  a  lead  salt.  This  compound  evolves  oxygen  when  it  is  heated. 
It  dissolves  in  hydrochloric  acid,  forming  a  yellow  liquid,  which  probably  contains  com- 
pounds of  the  composition  PbC'l._>  and  PbCl^,  but  even  at  the  ordinary  temperature  the 
latter  soon  loses  the  excess  of  chlorine,  and  then  only  lead  chloride,  PbClj,  remains.  In 
order  to  see  the  relation  between  red  lead  and  lead  sesquioxide,  it  must  be  observed  tlmt 
they  only  differ  by  an  extra  quantity  of  lead  oxide — that  is,  red  lead  is  a  basic  salt  of  the 
preceding  compound,  and  if  the  compound  Pb^Oj  may  be  regarded  as  PbOjPb,  then  red 
lead  should  be  looked  on  as  PbOjPb.PbO— that  is,  as  basic  lead  plumbate. 

sjbis  Premy  obtained  potassium  plumbate  in  the  foUomng  manner.  Pure  lead  dioxide 
is  placed  in  a  silver  crucible,  and  a  strong  solution  of  pure  caustic  potash  is  poured  over 
it.  The  mixture  is  heated  and  small  quantities  are  removed  from  time  to  time  for  testing, 
which  consists  in  dissolving  in  a  small  quantity  of  water  and  decomposing  the  resultant 
[Solution  with  nitric  acid.  There  is  a  certain  moment  during  the  heating  when  a  consider- 
able amount  of  insoluble  lead  dioxide  is  precipitated  on  the  addition  of  the  nitric  acid ; 
the  solution  then  contains  the  salt  in  question,  and  the  heating  must  be  stopped,  and  a 
small  amount  of  water  added  to  dissolve  the  potassium  plumbate  formed.  On  cooling 
ihe  salt  separates  in  somewhat  large  crystals,  which  have  the  same  composition  as  the 
stannate— that  is,  PbO(KO)2,3H.,0. 

"  Lead  dioxide  is  often  called  lead  peroxide,  but  this  name  leads  to  error,  because 
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treated  with  dilute  nitric  acid  it  gives  up  lead  oxide,  and  PbOj  remains, 
on  which  dilute  nitric  acid  does  not  act.  The  composition  of  minium 
is  Pb304,  and  therefore  the  action  of  nitric  acid  on  it  is  expressed  by 
the  equation  :  Pb^Oj  +  4HN0..J  =  PbOj  +  2Pb(ISrO,3)2  +  SH^O.  The 
dioxide  may  also  be  obtained  by  treating  lead  hydroxide  suspended  in 
water  with  a  stream  of  chlorine.  Under  these  conditions  the  chlorine 
takes  up  the  hydrogen  from  the  water,  and  the  oxygen  passes  over  to  the 
lead  oxide. '^  When  a  strong  solution  of  lead  nitrate  is  decomposed  by 
the  electric  current,  the  appearance  of  crystalline  lead  dioxide  is  also 
observed  upon  the  positive  pole  ;  it  is  also  found  in  nature  in  the  form 
of  a  black  crystalline  substance  having  a  specific  gravity  of  9'4.  When 
artificially  produced  it  is  a  fine  dark  powder,  resisting  the  action  of 
acids,  but  nevertheless  when  treated  with  strong  sulphuric  acid  it 
evolves  oxygen  and  forms  lead  sulphate,  and  with  hydrochloric  acid  it 
evolves  chlorine.  The  oxidising  property  of  lead  dioxide  depends 
of  course  on  the  facility  of  its  transition  into  the  more  stable  lead 
oxide,  which  is  easily  understood  from  the  whole  history  of  lead  com- 
pounds. In  the  presence  of  alkalis  it  transforms  chromium  oxide  into 
chromic  acid,  whilst  lead  chromate,  PbCr04,  is  formed,  remaining,  how- 
ever, in  solution,  on  account  of  its  being  soluble  in  caustic  alkalis.  The 
oxidising  action  of  lead  dioxide  on  sulphurous  anhydride  is  most  strik- 
ing, as  it  immediately  absorbs  it,   with  formation   of  lead  sulphate. 

PbOo  does  not  show  the  properties  of  true  peroxides,  like  hydrogen  or  barium  peroxides, 
but  is  endowed  with  acid  properties — that  is,  it  is  able  to  form  true  salts  with  bases, 
which  is  not  the  case  with  true  peroxides.  Lead  dioxide  is  a  normal  salt-forming  com- 
pound of  lead,  as  BiaOs  is  for  bismuth,  Ce02  for  cerium,  and  TeO^  for  tellurium,  &c.  They  all 
evolve  chlorine  when  treated  with  hydrochloric  acid,  whilst  true  peroxides  form  hydrogen 
peroxide.  The  true  lead  peroxide,  if  it  were  obtained,  would  probably  have  the  composi- 
tion Pb205,  or,  in  combination  with  peroxide  of  hydrogen,  HoPbaOy  — H20o-i-Pbo05, 
judging  from  the  peroxides  corresxDonding  with  sulphuric,  chromic,  and  other  acids,  which 
we  shall  afterwards  consider. 

As  a  proof  of  the  fact,  that  the  form  PbOa,  or  PbX4,  is  the  highest  normal  form  of  any 
■combination  of  lead,  it  is  most  important  to  remark  that  it  might  be  expected  that  the 
action  of  lead  chloride,  PbClg,  on  zinc-ethyl,  ZnEt^,  would  result  in  the  formation  of 
zinc  cliloride,  ZnClg,  and  lead-ethyl,  PbEto,  but  that  in  reality  the  reaction  proceeds  other- 
wise. Half  of  the  lead  is  set  free,  and  lead  tetrethyl,  PbEt4,  is  formed  as  a  colourless 
liquid,  boiling  at  about  200°  (Butleroff,  Frankland,  Buckton,  Cahours,  and  others).  The 
type  PbX4  is  not  only  expressed  in  PbEt;  and  PbOg,  but  also  in  PbF4,  obtained  by 
Brauner. 

^^  According  to  Carnelley  and  Walker,  the  hydrate  (Pb02)3,H.20  is  then  formed ;  it 
loses  water  at  230°.  The  anhydrous  dioxide  remains  unchanged  up  to  280°,  and  is  then 
converted  into  the  sesquioxide,  Pb205,  which  again  loses  oxygen  at  about  400°,  and  forms 
red  lead,  Pb304.  Bed  lead  also  loses  oxygen  at  about  560°,  forming  lead  oxide,  PbO, 
which  fuses  without  change  at  about  600°,  and  remains  constant  as  far  as  the  limit  of 
the  observations  made  (about  800°). 

The  test  method  for  preparing  pure  lead  dioxide  consists  in  mixing  a  hot  solution  of 
lead  chloride  with  a  solution  of  bleaching  powder  (Fehrman). 
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This  is  accompanied  by  a  change  of  coloui'  and  development  of  heat, 
PbOj  f  SO,  =  PbSOi.  When  triturated  with  sulphur  the  mixture 
explodes,  the  sulphur  burning  at  the  expense  of  the  oxygen  of  the  lead 
dioxide.  Tetrachloride  of  lead,  PbCl4,  belongs  to  the  same  class  of 

lead  compounds  as  PbOj.  This  chloride  is  formed  by  the  action  of 
strong  hydrochloric  acid  upon  PbOj,  or,  in  the  cold,  by  passing  a  stream 
of  chlorine  through  water  containing  PbClj  in  suspension.  The  resul- 
tant yellow  solution  gives  off  chlorine  when  heated.  With  a  solution 
of  sal  ammoniac  (Nicolukin,  1885)  it  gives  a  precipitate  of  a  double 
salt,  (NH4).jPbCl3  (very  slightly  soluble  in  a  solution  of  sal  ammoniac), 
which  when  treated  with  strong  sulphuric  acid  (Friedrich,  1890)  gives 
PbCl^  as  a  yellow  liquid  sp.  gr.  3'18,  which  solidifies  at  —  18°,  and  when 
heated  gives  PbClj  +  Clj.  It  is  not  acted  upon  by  H2SO4  like  SnCl4. 
Tetrafluoride  of  lead  (Brauner)  belongs  to  the  same  class  of  compounds, 
it  easily  forms  double  salts  and  decomposes  with  the  evolution  of 
fluorine  (Chapter  II.,  Note  49  bis),  ^s  bis 

Amongst  the  elements  of  the  second  and  third  groups  it  was 
observed  that  the  elements  were  more  basic  in  the  even  than  in  the 
uneven  series.  It  is  sufficient  to  remember  calcium,  strontium,  aud 
barium  in  the  even,  and  magnesium,  zinc,  and  cadmium  in  the  uneven 
series.  In  addition  to  this,  in  the  even  series,  as  the  atomic  weight 
increases,  in  the  same  type  of  oxidation  the  basic  properties  increase 
(the  acid  properties  decrease) ;  for  example,  in  the  second  group,  calcium, 
strontium,  barium.  The  same  also  appears  in  the  fourth  and  all  the 
following  groups.  In  the  even  series  of  the  fourth  group  titanium, 
zirconium,  cerium,  and  thorium  are  found.  All  their  highest  oxides, 
RO2,  even  the  lightest,  titanic  oxide,  TiOj,  have  more  highly  developed 
basic  properties  than  silica,  Si02,  and  in  addition  to  this  the  basic 
properties  are  more  distinctly  seen  in  zirconium  dioxide,  Zr02,  than 
in  titanic  oxide,  Ti02,  although  the  acid  property  of  combining  with 
bases  still  remains.  In  the  heaviest  oxides,  cerium  dioxide,  CeOj,  and 
thorium  dioxide,  Th02,  no  acid  properties  are  observed,  these  being 
both'  purely  basic  oxides.  In  Chapter  XVII.  (Note  43)  we  already 
pointed  out  this  higher  oxide  of  cerium.  As  the  above-mentioned 
elements  are  rather  rare  in  nature,  have  but  little  practical  applica- 
tion, and  do  not  present  any  new  forms  of  combination,  it  is  un- 
advisable  to  dwell  on  them  in  this  treatise. 

Titanium  is  found  in  nature  in  the  form  of  its  anhydride  or  oxide, 
Ti02,  mixed  with  silicon  in  many  minerals,  but  the  oxide  is  also  found 

50  bii  xhe  plumbates  of  Ca  and|otlier  similar  metals,  mentioned  in  Chapter  III,,  Note  7> 
also  belong  to  the  form  PbXj. 
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separately  in  the  form  of  semi-metallic  rutile  (sp.  gr.  4*2).  Another 
titanic  mineral  is  found  as  a  mixture  in  other  ores,  known  as  titanic 
iro)i  ore  (in  the  Thuensky  mountains  of  the  southern  Ural ;  it  is  known 
as  thuenite),  FeTiO;^.  This  is  a  salt  of  ferrous  oxide  and  titanic  anhy- 
dride. It  crystallises  in  the  rhombohedric  system,  has  a  metallic 
lustre,  grey  colour,  sp.  gr.  4"5.  The  third  mineral  in  which  titanium  is 
found  in  considerable  quantities  in  nature  is  sphene  or  tifanite,  CaTiSiO.-, 
=  CaOjSiOgjTiO^,  sp.  gr.  3'5,  colour  yellow,  green,  or  the  like,  crystal- 
lises in  tablets.  The  fourth,  but  rare,  titanic  mineral  is  peroffskite, 
calcium  titanate,  CaTiOg  ;  it  forms  blacki^h-grey  or  brown  cubic 
crystals,  sp.  gr.  4*02,  and  occurs  in  the  Ural  and  other  localities.  It 
may  be  prepared  artificially  by  fusing  sphene  in  an  atmosphere  of  water 
vapour  and  carbonic  anhydride.  At  the  end  of  the  last  century  Klap- 
roth  showed  the  distinction  between  titanic  compounds  and  all  others 
then' known.  ■'^^ 

='"  The  compounds  of  titanium  are  generally  obtained  from  rutile ;  the  finely-gi'ound 
ore  is  fused  with  a  considerable  amount  of  acid  potassium  sulphate,  until  the  titanic 
anhydride,  as  a  feeble  base,  passes  into  solution.  After  cooling,  the  resultant  mass  is 
gi'ound  up,  dissolved  in  cold  water,  and  treated  with  ammonium  hydrosulphide  ;  a  black 
precipitate  then  separates  out  from  the  solution.  This  precipitate  contains  Ti02  {as 
hydrate)  and  various  metallic  sulphides — for  example,  iron  sulphide.  It  is  first  washed 
with  water  and  then  with  a  solution  of  sulphurous  anhydride  until  it  becomes  colourless. 
This  is  due  to  the  iron  sulphide  contained  in  the  precipitate,  and  rendering  it  black,  being 
converted  into  ditliionate  by  the  action'of  the  sulphurous  acid.  The  titanic  acid  left  behind 
is  nearly  pure.  The  considerable  volatility  of  titanium  chloride  may  also  be  taken  advan- 
tage of  in  preparing  the  compounds  of  titanium  from  rutile.  It  is  formed  by  heating  a 
mixture  of  rutile aiad charcoal  in  dry  chlorine  ;  the  distillate  then  contains  titanium  chlo- 
ride, TiCl4.  It  may  be  easily  purified,  owing  to  its  having  a  constant  boiling  point  of  136°. 
Its  specific  gravity  is  l"7tj ;  it  is  a  colourless  liquid,  which  fumes  in  the  air,  and  is  perfectly 
soluble  in  water  if  it  be  not  heated.  ^Vlien  hot  water  acts  on  titanic  chloride,  a  lai'ge 
proportion  of  titanic  acid  separates  out  from  the  solution  and  passes  into  metatitanic  acid. 
A  similar  decomposition  of  acid  solutions  of  titanic  acid  is  accomplished  whenever  they 
are  heated,  and  especially  in  the  presence  of  sulphuric  acid,  just  as  with  metastamiic 
acid,  which  titanic  acid  resembles  in  many  respects.  On  igniting  the  titanic  acid  a 
colourless  powder  of  the  anhydride,  TiO.i,  is  obtained.  In  this  form  it  is  no  longer  soluble 
in  acids  or  alkalis,  and  only  fuses  in  the  oxy-hydrogen  flame  ;  but,  like  silica,  it  dissolves 
when  fused  with  alkalis  and  their  carbonates ;  as  already  mentioned,  it  dissolves  when 
fused  with  a  considerable  excess  of  acid  potassium  sulphate — that  is,  it  then  reacts  as  a 
feeble  base.  This  shows  the  basic  character  of  titanic  anhydride ;  it  hasatonce,  although 
feebly  developed,  both  basic  and  acid  properties.  The  fused  mass,  obtained  from  titanic 
anhydride  and  alkali  when  treated  with  water,  parts  with  its  alkali,  and  a  residue  is  obtained 
of  a  sparingly- soluble  poly-titanate,  K^TiOsnTiO^.  The  hydrate,  which  is  precipitated  by 
ammonia  from  the  solutions  obtained  by  the  fusion  of  Ti02  with  acid  potassium  sulphate, 
when  dried  forms  an  amorphous  mass  of  the  composition  Ti(0H)4.  But  it  loses  water  over 
sulphuric  acid,  gradually  x^assing  into  a  hydrate  of  the  composition  Ti0(0H)2,  a]id  when 
heated  it  parts  with  a  still  larger  proportion  of  water ;  at  100°  the  hydrate  TiaO^lOH)^  is 
obtained,  and  at  300°  the  anhydride  itself.  The  higher  hydrate,  Ti(0H)4,  is  soluble  in 
dilute  acid,  and  the  solution  maybe  diluted  with  water ;  but  on  boiling  the  sulphuric  acid 
solution  (though  not  the  solution  in  hydrochloric  acid),  all  the  titanic  acid  separates  in 
a  modified  form,  which  is,  however,  not  only  insoluble  in  dilute  acids,  but  even  in  strong 
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The  comparatively  rare  element  zirconium,  Zr  :=  90,  is  very  similar 
to  titanium,  but  has  a  more  basic  character.  It  is  rarer  in  nature 
than  titanium,  and  is  found  principally  in  a  mineral  called  znyoit^ 
ZrSiO.,  =  Zr02.SiO.>,  crystallising  in  square  prisms,  sp.  gr.  4-5.  It  lias 
considei-able  hardness  and  a  characteristic  brownish-yellow  colour,  and 

sulpburic  acid.  This  hydrate  has  the  composition  TioO-,(OH)g,  but  shows  different  pro- 
perties from  those  of  the  hydi'ate  of  the  same  Lomposition  described  above,  and  tlierefore 
this  modified  hydrate  is  called  metatitanic  acid.  It  is  most  important  to  note  the 
property  of  the  ordinary  gelatinous  hydrate  (tliat  i^recipitated  from  acid  solutions  by 
ammonia)  of  dissolving  in  acids,  the  more  so  since  silica  does  not  show  this  property. 
In  this  property  a  transition  appaa'ently  appears  between  the  cases  of  common  solution 
(based  on  a  capacity  for  unstable  combination)  and  the  case  of  the  fonnation  of  a 
hydrosol  (the  solubility  of  germanium  oxide,  GeOo,  perhaps  presents  another  snch 
instance).  If  titanium  cliloride  be  added  drop  by  di-op  to  a  dilute  solution  of  alcohol 
and  hydrogen  peroxide,  and  then  ammonia  be  added  to  the  resultant  solution,  a  yellow 
precipitate  of  titanium  trioxide,  TiOsHoO,  separates  out,  as  Piccini,  AVeller,  and  Classen 
showed.     This  substance  apparently  belongs  to  the  category  of  true  peroxides. 

Titanium  chloride  absorbs  ammonia  and  forms  a  compound,  TiCl4,4NH.-,  as  a  red- 
brown  powder  which  attracts  moisture  from  the  air  and  when  iguited  forms  titanium 
nitride,  Ti3X4.  Phosphuretted  hydi-ogen,  liydrocyanic  acid,  and  many  similar  compounds 
are  also  absorbed  by  titanium  cliloride,  witli  the  evolution  of  a  considerable  amount  of 
heat.  Thiis,  for  exami^le,  a  yellow  crystalline  powder  of  the  composition  TiCl.j,2HCN 
is  obtained  by  passing  dry  hydrocyanic  acid  vapour  into  cold  titanium  chloride. 
Titanium  cliloride  combines  in  a  similar  manner  with  cyanogen  chloride,  phosphorus 
pent  a  chloride,  and  phosphorus  oxycliloride,  forming  molecular  compounds,  for  example 
TiCli,POCl,-,.  This  faculty  for  further  combination  probably  stands  in  connection,  on 
the  one  hand,  with  the  capacity  of  titanium  oxide  to  givepolytitanates,  TiO(MO).j,)iTi02; 
on  the  other  hand,  it  corresponds  with  the  kindred  faculty  of  stannic  chloride  for  the 
formation  of  poly-compounds  (Note  41),  and  lastly  it  is  probably  related  to  the  remark- 
able behaviour  of  titanium  towards  nitrogen.  Metallic  titanium,  obtained  as  a  grey 
powder  by  reducing  potassium  titanofluoride,  KoTiFg,  (sp.  gr.  3"55  K.  Hofman  18!)3),  with 
iron  in  a  chai'coal  crucible,  combines  directly  with  nitrogen  at  a  red  heat.  It  titanic 
anliydi'ide  be  ignited  in  a  stream  of  amnionia,  all  the  oxygen  of  the  titanic  oxide  is 
disengaged,  and  the  compound  TiNo  is  formed  as  a  dark  violet  substance  having  a  copper- 
red  lustre.  A  compound  TigN^  is  also  known;  it  is  obtained  by  igniting  the  compound 
Ti-N^  in  a  stream  of  hydrogen,  and  is  of  a  goldeu-yeUow  colour  with  a  metallic  lustre. 
To  this  order  of  compounds  also  belongs  the  well-known  and  chemically  historical 
compound  kno^vn  as  titanium  nitrocyanidc  ;  its  composition  is  Ti5CN4.  This  substance 
appears  as  infusible,  sometimes  well-formed,  cubical  crystals  of  sp.  gr,  -i'S,  and  having  a 
red  copper  colour  and  metallic  lustre  ;  it  is  found  in  blast  furnace  slag.  It  is  insoluble 
in  acids  but  is  acted  on  by  clilorine  at  a  red  heat,  forming  titanium  chloride.  It  was  at 
first  regai'ded  as  metallic  titanium ;  it  is  formed  in  the  blast  furnace  at  the  expense  of 
those  cyanogen  compounds  (potassium  cyanide  and  others)  which  are  always  present, 
and  at  the  expense  of  the  titanium  compounds  which  accompany  the  ores  of  iron. 
Wbhler,  who  investigated  this  compound,  obtained  it  artificially  hj  heating  a  mixture  of 
titanic  oxide  with  a  small  quantity  of  chai-coal,  in  a  stream  of  nitrogen,  and  thus 
I)roved  the  direct  power  for  combination  between  nitrogen  and  titanium.  When  fused 
with  caustic  potash,  all  the  nitrogen  compounds  of  titanium  evolve  ammonia  and  fonn 
potassium  titanate.  Like  metals  they  are  able  to  reduce  many  oxides — for  example, 
oxides  of  copper — at  a  red  heat.  Among  the  alloys  of  titanimn,  the  crystalline  compound 
Al4Ti  is  remarkable.  It  is  obtained  by  directly  dissolving  titanimn  in  fused  almniniuni ; 
its  specific  gravity  is  3'11.  The  crystals  are  very  stable,  and  are  only  soluble  in  aqua 
regia  and  alkalis. 
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is  occasionally  found  in  the  form  of  transparent  crystals,  as  a  precious 
stone  called  hyacinth.  ■^'^  Metallic  zirconium  was  obtained,  by  Berzelius 
and  Troost,  by  the  action  of  aluminium  on  potassium  zirconofluoride  in 
the  same  way  that  silicon  is  prepared  ;  it  forms  a  crystalline  powder, 
similar  in  appearance  to  graphite  and  antimony,  but  having  a  very  con- 
siderable hardness,  not  much  lustre,  sp.  gr.  4-15.  In  many  respects  it 
resembles  silicon  ;  it  does  not  fuse  when  heated,  and  even  oxidises  with 
difficulty,  but  liberates  hydrogen  when  fused  with  potash.  When  fused 
with  silica  it  liberates  silicon.  With  carbon  in  the  electrical  furnace  it 
forms  ZrCa,  with  hydrogen  it  gives  ZrHo  (like  CaH.i,  Winkler,  Yol.  I., 
p.  621) ;  hydrochloric  and  nitric  acids  act  feebly  on  it,  but  aqua  regia 

^^  The  formula  ZrO  was  first  given  to  tlie  oxide  of  zirconium  as  n  base,  in  this  case 
Zv  —  45  whilst  the  present  atomic  weight  is  Zr  =  90 — that  is,  the  formula  of  the  oxide  is 
now  recognised  as  being  ZrO^.  The  reasons  for  ascribing  this  formula  to  the  compounds 
of  zirconium  are  as  follows.  In  the  first  place,  the  investigation  of  the  crystalline  forms 
of  the  zirconofluoride s — for  example,  K.jZrFg,  ^^MgZrFgjSHaO — which  proved  to  be 
analogous  in  composition  and  crystalline  form  with  the  corresponding  compouuds  of 
titanium,  tin,  and  silicon.  Li  the  second  place,  the  specific  heat  of  Zr  is  0'067,  which 
corresponds  with  the  combining  weight  90.  The  third  and  most  important  reason  for 
doubling  the  combining  weight  of  zirconium  was  given  by  Deville's  determination  of  the 
vapour  density  of  zirconium  chloride^  ZrCl^.  This  substance  is  obtained  by  igniting 
zirconium  oxide  mixed  with  charcoal  in  a  stream  of  dry  chlorine,  and  is  -a,  colourless, 
saline  substance  which  is  easily  volatile  at  440°.  Its  density  referred  to  air  was  found  to 
be  S"15,  that  is  117  in  relation  to  hydrogen,  as  it  should  be  according  to  the  molecular 
formula  of  this  substance  above-cited.  It  exhibits,  however,  in  many  respects,  a  saline 
character  and  that  of  an  acid  chlor anhydride,  for  zirconium  oxide  itself  presents  very 
feebly  developed  acid  properties  but  clearly  marked  basic  properties.  Thus  zirconium 
chloride  dissolves  in  water,  and  on  evaporation  the  solution  only  i^artially  disengages 
hydrocliloric  acid — resembling  magnesium  chloride,  for  example.  Zirconium  was  dis- 
covered and  characterised  as  an  individual  element  by  Klaproth. 

Pure  compounds  of  zirconium  are  generally  prepared  from  zircon,  which  is  finely 
ground,  but  as  it  is  very  hard  it  is  first  heated  and  thrown  into  cold  water,  by  which 
means  it  is  disintegrated.  Zircon  is  decomposed  or  dissolved  when  fused  with  acid 
potassium  sulphate,  or  still  more  easily  when  fused  with  acid  potassium  fluoride 
(a  double  soluble  salt,  K.iZrFg,  is  then  formed) ;  however,  zirconium  compounds  are 
generally  prepared  from  powdered  zircon  by  fusing  it  with  sodium  carbonate 
and  then  boiling  in  water.  An  insoluble  white  residue  is  obta-ined  consisting  of  a 
compound  of  the  oxides  of  sodium  and  zirconium,  which  is  then  treated  with  hydro- 
cliloric acid  and  the  solution  evaporated  to  dryness.  The  silica  is  thus  converted 
into  an  insoluble  form,  and  zirconium  chloride  obtained  in  solution.  Ammonia  pre- 
cipitates zirconium  Hydroxide  from  this  solution,  as  a  white  gelatinous  precipitate, 
ZrO(OH)o.  Wlien  ignited  this  hydroxide  loses  water  and  in  so  doing  undergoes  a  spon- 
taneous recalescence  and  leaves  a  white  infusible  and  exceedingly  hard  mass  of  zirconiuvi 
oxide,  Zr02,  having  a  specific  gravity  of  5'4  (in  the  electrical  furnace  ZrO.^  fuses  and 
volatilises  like  SiOg,  Moissan),  Owing  to  its  infusibility,  zirconium  oxide  is  used  as  a 
substitute  for  lime  and  magnesia  in  the  Drummond  light.  This  oxide,  in  contradistinc- 
tion to  titanium  oxide,  is  soluble,  even  after  prolonged  ignition,  in  hot  strong  sulphuric 
acid.  The  hydroxide  is  easily  soluble  in  acids.  The  composition  of  the  salts  is  ZrX4,  or 
ZrOX.j,  or  ZrOX2,Zr0.i,  just  as  with  those  of  its  analogues.  But  although  zirconium 
oxide  forms  salts  in  the  same  way  with  acids,  it  also  gives  salts  with  bases.  Thus  it 
liberates  carbonic  anhydride  when  fused  with  sodium  carbonate,  forming  the  salts 
Zr(Na0)4,  ZrO(NaO)..,  &c.    Water,  however,  destroys  these  salts  and  extracts  the  soda. 
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easily  dissolves  it.  It  is  distinguished  from  silicon  by  the  fact  that 
hydrofluoric  acid  acts  on  it  with  great  facility,  even  in  the  cold  and 
when  diluted,  whilst  this  acid  does  not  act  on  silicon  at  all. 

The  very  similar  element  tJwrixm  (Th  =  -lo-l)  was  distinguished  by 
Berzelius  from  zirconium.  It  is  very  rarely  met  with,  in  thorite  and 
orangeite,  Th8iO|,2H.,0.     The  latter  is  isomorphous  with  zircon  (sp.  gr. 

^®  Thorium  has  also  heen  found  in  the  form  of  oxide  in  certain  pyrochloies.  euxliiltes, 
monazites,  and  other  rave  minerals  containing  Mi.lts  of  niohinm  and  phosphates.  The 
compounds  of  thorium  are  prepared  by  decomposing  thorite  or  orangeite  with  strong 
sulphuric  acid  at  its  boiling  point ;  this  renders  the  silica  insoluble,  and  the  thorium 
oxide  passes  into  solution  when  tlie  residue  is  treated  with  cold  water,  after  having  been 
preyiously  boiled  with  water  (boiling  water  does  not  dissolve  the  oxide  of  thoriiuu). 
Lead  and  other  impurities  are  separated  by  passing  sulphuretted  hydrogen  through  tlie 
solution,  and  the  thorium  hydroxide  is  then  precipitated  by  ammonia.  If  tliis  hydroxide 
be  dissolved  in  the  smallest  possible  amount  of  hydrochloric  acid,  and  oxalic  acid  be  then 
added,  thorimn  oxalate  is  obtained  as  a  white  precipitnte,  which  is  insoluble  in  an  excess 
of  oxalic  acid  ;  this  reaction  is  taken  advantage  of  for  separating  this  metal  from  many 
others.  It,  however,  resembles  the  cerite  metals  (Chapter  XVII.,  Note  4L!)  in  this  and 
many  other  respects.  The  thorium  hydroxide  is  gelatinous;  on  ignition  it  leaves  an 
infusible  oxide,  ThO._>,  which,  when  fused  with  borax,  gives  crystals  of  the  siime  form  as 
stannic  oxide  or  titanic  anhydride ;  sp.  gr,  9"8(''.  But  the  basic  properties  are  much  more 
developed  in  thorium  oxide  than  in  the  preceding  oxide-^,  and  it  does  not  even  disengage 
carbonic  acid  when  fused  with  sodium  cai"boiiate— that  is,  it  is  a  much  more  energetic 
base  than  zirconium  oxide.  The  hydrate,  ThO>,  however,  is  soluble  in  a  solution  of 
Na-iCO^  (Chapter  XVII.,  Xote  43).  Thorium  chloride,  ThCl|,  is  obtained  as  a  distinctly 
crystalline  sublimate  when  thorium  oxide,  mixed  with  charcoal,  is  ignited  in  a  stream  of 
dry  chlorine.  ^Vheu  heated  with  potassium,  thorium  chloride  gives  a  metallic  powder  of 
thorium  haAing  a  sp.  gr.  ll'l.  It  burns  in  air,  and  is  but  slightly  soluble  in  dilute  acids. 
The  atomic  weight  of  thorium  was  established  by  Chydenius  and  Delafontaine  on  the 
basis  of  the  ismoriihism  of  the  double  fluorides. 
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PHOSPHORUS  AND  THE  OTHER  ELEMENTS  OF  THE  FIFTH  GROUP 

Nitrogen  is  the  lightest  and  most  widely  distributed  representative  of 
the  elements  of  the  fifth  group,  which  form  a  higher  saline  oxide  of  the 
form  R^O.i)  3'^'i  "■  hydrogen  compound  of  the  form  E,H3.  Phosphorus, 
arsenic,  bismuth,  and  antimony  belong  to  the  uneven  series  of  this 
group.  Phosphorus  is  the  most  widely  distributed  of  these  elements. 
There  is  hardly  any  mineral  substance  composing  the  mass  of  the 
earth's  crust  which  does  not  contain  some — it  may  be  a  small — amount 
of  phosphorus  compounds  in  the  form  of  the  salts  of  phosphoric  acid. 
The  soil  and  earthy  substances  in  general  usually  contain  from  one  to 
ten  parts  of  phosphoric  acid  in  10,000  parts.  This  amount,  which 
appears  so  small,  has,  however,  a  very  important  significance  in  nature. 
No  plant  can  attain  its  natural  growth  if  it  be  planted  in  an  artificial 
soil  completely  free  from  phosphoric  acid.  Plants  equally  require  the 
presence  of  potash,  magnesia,  lime,  and  ferric  oxide,  among  basic,  and 
of  carbonic,  sulphuric,  nitric,  and  phosphoric  anhydrides,  among  acid 
oxides.  In  order  to  increase  the  fertility  of  a  more  or  less  poor  soil, 
the  above-named  nutritive  elements  are  introduced  into  it  by  means  of 
fertilisers.  Direct  experiment  has  proved  that  these  substances  are 
undoubtedly  necessary  to  plants,  but  that  they  must  be  all  present 
simultaneously  and  in  small  quantities,  and  that  an  excess,  like  an 
insufliciency,  of  one  of  these  elements  is  necessarily  followed  by  a  bad 
harvest,  or  an  imperfect  growth,  even  if  all  the  other  conditions  (light, 
heat,  water,  air)  are  normal.  The  phosphoric  compounds  of  the  soil 
accumulated  by  plants  pass  into  the  organism  of  animals,  in  which 
these  substances  are  assimilated  in  many  instances  in  large  quantities. 
Thus  the  chief  component  part  of  bones  is  calcium  phosphate,  Ca3P20y, 
and  it  is  on  this  that  their  hardness  depends. ' 

'  Dry  bones  contain  about  one-third  of  gelatinous  matter  and  about  two-tliirds  of 
ash,  chiefly  calcium  phosphate.  The  salts  of  phosphoric  acid  are  also  found  in  the  mass 
of  the  earth  as  separate  minerals ;  for  example,  the  apatites  contain  this  salt  in  u. 
crystalline  form,  combined  with  calcium  chloride  or  fluoride,  CaR2,3Ca5(P04)2,  where 
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Phosphorus  was  first  extracted  by  Brand  in  1669,  by  the  ignition 
of  evaporated  urine.  After  the  lapse  of  a  century  Scheele,  who  knew 
of  the  existence  of  a  more  abundant  source  of  phosphorus  in  bones, 
pointed  out  the  method  which  is  now  employed  for  the  extraction  of 
this  element.  Calcium  phosphate  in  bones  permeates  a  nitrogenous 
organic  substance,  which  is  called  ossein,  and  forms  a  gelatin. 
When  bones  are  treated  exclusively  for  the  extraction  of  phosphorus, 
neglecting  the  gelatin,  they  are  burnt,  in  which  case  all  the  ossein  is 
burnt  away.  When,  however,  it  is  desired  to  preserve  the  gelatin,  the 
bones  are  immersed  in  cold  dilute  hydrochloric  acid,  which  dissolves 
the  calcium  phosphate  and  leaves  the  gelatin  untouched  ;  calcium 
chloride  and  acid  calcium  phosphate,  CaH4(P04)2,  are  then  obtained  in 
the  solution.  When  the  bones  are  directly  burnt  in  an  open  fire  their 
mineral  components  only  are  left  as  an  ash,  containing  about  90  per 
cent,  of  calcium  phosphate,  Ca3(P04)2,  mixed  with  a  small  amount  of 
calcium  carbonate  and  other  salts.  This  mass  is  treated  with  sulphuric 
acid,  and  then  the  same  substance  is  obtained  in  the  solution  as  was 
obtained  from  the  unburnt  bones  immersed  in  hydrochloric  acid — i.e.  the 
acid  calcium  phosphate  soluble  in  water,  in  which  reaction  naturally 
the  chief  part  of  the  sulphuric  acid  is  converted  into  calcium  sulphate : 

Ca3(P04)2  +  2H2SO,  •=  2CaS04  +  CaH4(P04).. 
Ca3(P04).,  +  4HCl      =  2CaCl2  +  CaH4(P04).,. 

On  evaporating  the  solution,  crystallisable  acid  calcium  phosphate 
is  obtained.  The  extraction  of  the  phosphorus  from  this  salt  con- 
sists in  heating  it  ivith  charcoal  to  a  white  heat.  When  heated,  the 
acid  phosphate,  CaH4(P04)2,  first  parts  with  water,  and  forms  the 
metaphosphate,  Ca(P03)2,  which  for  the  sake  of  simplicity  may  be 
regarded,  like  the  acid  salt,  as  composed  of  pyrophosphate  and  phos- 
phoric anhydride,  2Ca(P03)2  =  CaaPjOj-f P2O5.  The  latter,  with 
charcoal,  gives  phosphorus  and  carbonic  oxide,  P2O5  -1-  5C  =  Pj  +  5C0. 

E  =  F  or  Cl,  sometimes  in  a  state  of  isomorphous  mixture.  This  mineral  often  crystallises 
in  fine  hexagonal  prisms  ;  sp.  gr.  3-17  to  3-22.  Vivianite  is  a  hydrated  ferrous  phosphate, 
Fe5(P04).i,8H20.  Phosphates  of  copper  are  frequently  found  in  copper  mines ;  for  example, 
tagilite,  Cu5(P04).,,Cu(OH).j,2H20.  Lead  and  aluminium  form  similar  salts.  They  are 
nearly  all  insoluble  in  water.  The  turquoise,  for  instance,  is  hydrated  phosphate  of  alumina, 
(Al20:;).>,P2055H20,  coloured  with  a  salt  of  copper.  Sea  and  other  waters  always  contain 
a  small  amount  of  phosphates.  The  ash  of  sea-plants,  as  well  as  of  land-plants,  always 
contains  phosphates.  Deposits  of  calcium  phosphate  are  often  met  with ;  they  are  termed 
2)hosphorites  and  osteoh'fcs,  and  are  composed  of  the  fossil  remains  of  the  bones  of  animals; 
they  are  used  for  manure.  Of  the  same  nature  are  the  so-called  guano  deposits  from 
Baker's  Island,  and  entire  strata  in  Spain,  Prance,  and  in  the  Governments  of  Orloft 
and  Kursk  in  Russia.  It  is  evident  that  if  a  soil  destined  for  cultivation  contain  very 
little  phosphoric  acid,  the  fertilisation  by  means  of  these  minerals  will  be  beneficiiJ, 
but,  naturally,  only  if  the  other  elements  necessary  to  plants  be  present  in  the  soil. 
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So  that  in  reality  a  somewhat  complicated  process  takes  place  here^ 
yielding  ultimately  products  according  to  the  following  equation  : 

2CaHj(PO,)2-f  5C  =  4H,0  +  Ca,P/)7  fP2  +  5CO. 

After  the  steam  has  come  over,  j^hosphorus  and  carbonic  oxide  distil 
over  from  the  retort  and  calcium  pyrophosphate  remains  behind.'  ^'^ 

As  phosphorus  melts  at  about  40°,  it  condenses  at  the  bottom  of 
the  receiver  in  n  molten  liquid  mass,  which  is  cast  under  water  in 
tubes,  and  is  sold  in  the  form  of  sticks.  This  is  common  or  //ef/ov? 
2yhosphorti.<!.  It  is  a  transparent,  yellowish,  waxy  substance,  which  is 
not  brittle,  almost  insoluble  in  water,  and  easily  undergoes  change  in 
its  external  appearance  and  properties  under  the  action  of  light,  heat, 
and  of  various  substances.  It  crystallises  (by  sublimation  or  from  its 
solution  in  carbon  bisulphide)  in  the  regular  system,  and'-^  (in  contra- 
distinction to  the  other  varieties)  is  easily  soluble  in  carbon  bisulphide^ 
and  also  partially  in  other  oily   liquids.     In  this  it  recalls  common 

1  bis  By  subjecting  the  pyropli(isi)luite  to  the  action  of  sulphuric  or  hydrochloric  acid 
it  is  possible  to  obtain  a  fresh  quantity  of  the  acid  salt  from  the  residue,  and  in  thin 
manner  to  extract  all  the  phosphorus.  It  is  usual  to  take  burnt  bones,  but  mineral 
phosphorites,  osteolites,  and  apatites  may  also  be  employed  as  materials  for  the  ex- 
traction of  phosphorus.  Its  extraction  for  the 
manufacture  of  matches  is  everywhere  extending, 
and  in  Russia,  in  the  Urals,  in  the  Government  of 
Pei-m,'  it  has  attained  such  proportions  that  the 
district  is  able  to  supply  other  countries  with  phos- 
phorus. A  great  many  methods  have  been  proposed 
for  facilitating  the  extraction  of  phosphorus,  but 
none  of  them  differ  essentially  from  the  usual  one, 
because  the  problem  is  dependent  on  the  liberation 
of  phosphoric  acid  by  the  action  of  acids,  and  on  its 
ultimate  reduction  by  charcoal.  Thus  the  calcium 
phosphate  may  be  mixed  directly  with  charcoal  and 
sand,  and  phosphorus  will  be  liberated  on  heating 
the  mixture,  because  the  silica  displaces  the  phos- 
phoric anhydride,  which  gives  carbonic  oxide  and 
phosphorus  with  the  charcoal.  It  has  also  been 
proposed  to  pass  hydrochloric  acid  over  an  incan- 
descent mixture  of  calcium  phosphate  and  charcoal ; 
the  acid  then  acts  just  as  the  silica  does,  liberating 
phosphoric  anhydride,  which  is  reduced  by  the 
charcoal.  It  is  necessary  to  prevent  the  access  of  air  in  the  condensation  of  the  vapours 
of  phosphorus,  because  they  take  fire  very  easily ;  hence  they  are  condensed  under  water 
by  causing  the  gaseous  products  to  pass  through  a  vessel  full  of  water.  For  this  purpose 
the  condenser  shown  in  fig.  83  is  usually  employed. 

^  Vernon  (1891)  observed  that  ordinary  (yellow)  phosphorus  is  dimoi-phous.  If  it  be 
melted  and  by  careful  cooling  be  brought  in  a  liquid  form  to  as  low  a  temperature  as 
possible,  it  gives  a  variety  which  melts  at  45'^'3  (the  ordinary  variety  fuses  at  44'^'3), 
sp.  gr.  1'827  (that  of  the  ordinary  variety  is  1'818)  at  13°,  crystallises  in  rhombic  prisms 
(instead  of  in  forms  belonging  to  the  cubical  system).  This  is  similar  to  the  relation 
between  octahedral  and  prismatic  sulphur  (Chapter  SX.). 


Pig.  83.— Preparation  of  pliospliorus. 
The  mixture  is  eak-ined  in  tlie  retort 
c.  Tlje  vapours  of  phosphorus  pass, 
tlirough  n  into  water  without  coniing^ 
into  contact  with  air.  The  phos- 
phorus condenses  in  tlie  water,  and 
the  gases  accompanying  it  escape 
through  ?'. 
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sulphur.  Its  specilic  gravity  is  1-84.  It  fuses  at  44°,  and  passes  into 
vapour  at  290°  ;  it  is  easily  inflammable,  and  must  therefore  be 
handled  with  great  caution  ;  careless  rubbing  is  enough  to  cause  phos- 
phorus to  ignite.  Its  application  in  the  manufacture  of  matches  is 
based  on  this.'''  ''•^  It  emits  Kght  in  the  air  owing  to  its  slow  ^  oxida- 
tion, and  is  therefore  kept  under  water  (such  water  is  phosphorescent 
in  the  dark,  like  phosphorus  itself).  It  is  also  very  easily  oxidised  by 
various  oxidising  agents  and  takes  up  the  oxygen  from  many  sub- 
stances.' ^i^  Phosphorus  enters  into  direct  combination  with  many 
metals  and  with  sulphur,  chlorine,  ifec,  with  development  of  a  con- 
siderable amount  of  heat.  It  is  very  poisonous  although  not  soluble  in 
water. 

Besides  this,  there  is  a  red  variety  of  phosphorus,  which  differs  con- 
siderably from  the  above.  Red  2}hosphorus  (sometimes  wrongly  called 
amorjjhoiis  phosphorus)  is  partially  formed  when  ordinary  phosphorus 

-  ^^^  According  to  Herr  Irinyi  (an  Hungarian  student),  the  first  pliospliorus  matches 
were  made  in  Austria  at  Roemer's  works  in  1835. 

^  The  absorption  of  the  oxygen  of  the  atmosphere  at  a  constant  ordinary  temperature 
liy  a  large  surface  of  phosphorus  proceeds  so  uniformly,  regularly,  and  rapidly,  that  it 
anay  serve,  as  Ikeda  (Tokio,  1893)  has  shown,  for  demonstrating  the  law  of  the  velocity 
(rate)  of  reaction,  which  is  considered  in  theoretical  chemistry,  and  shows  that  the  rate 
of  reaction  is  proportional  to  the  active  mass  of  a  substance — i.e.  d.r  dt  =  k{A  —  x)  where 
t  is  the  time,  A  the  initial  mass  of  the  reacting  substance — in  this  case  oxygen — x 
the  amount  of  it  wliich  has  entered  into  reaction,  and  Jc  the  coefficient  of  proportionality. 
Ikeda  took  a  test-tube  (diameter  about  10  mm.),  and  covered  its  outer  surface  with  a 
coating  of  phosphorus  (by  melting  it  in  a  test-tube  of  large  diameter,  inserting  the 
smaller  test-tube,  and,  when  the  phosphorus  had  solidified,  breaking  away  the  outer  test- 
tube),  and  introduced  it  into  a  definite  volume  of  air,  contained  in  a  Woulfe's  bottle 
(immersed  in  a  water  bath  to  maintain  a  constant  temperature),  one  of  whose  orifices 
was  connected  with  a  mercury  manometer  showing  the  fall  of  pressure,  x.  Knowing 
that  the  initial  pressure  of  the  oxygen  (in  air  nearly  760  x  -0209)  was  about  155  nnn.  =  A, 
the  coefficient  of  the  rate  of  reaction  k  is  given,  by  the  law  of  the  variation  of  the  rate  of 

reaction  with  the  mass  of  the  reacting  substance,  bv  the  equation  :  1=     log  ~—^  ,  where 

t        A  —  x 
t  is  the  time,  counting  from  the  commencement,  of  the  experiment  in  minutes.    "When 
the  surface  of  the  phosphorus  was  about  11  sq.  cm.,  the  following  results  were  actually 
obtained . 

<  =  10  20  30  40  50  60  minutes 

x  =  10-5  21-5  31-1  40-7  49-1  57-3  mm 

10,000  i  =  32  82  32  33  38  33 

The  constancy  of  k  is  well  shown  in  this  case.  The  determination  takes  a  comparatively 
short  time,  so  that  it  may  serve  as  a  lecture  experiment,  and  demonstrates  one  of  the 
most  important  laws  of  chemical  mechanics. 

'  ''I*  Not  only  do  oxidising  agents  like  nitric,  chromic,  and  similar  acids  act  upon 
phosphorus,  but  even  the  alkalis  are  attacked — that  is,  phosphorus  acts  as  a  reducing 
agent.  In  fact  it  reduces  many  substances,  for  instance,  copper  from  its  salts. 
When  phosphorus  is  heated  with  sodium  carbonate,  the  latter  is  partially  reduced  to 
carbon.  If  phosphorus  be  placed  under  water  slightly  warmed,  and  a  stream  of  oxygen 
be  passed  over  it,  it  will  burn  under  the  water. 
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remains  exposed  to  the  action  of  light  for  a  long  time.  It  is  also 
formed  in  many  reactions  ;  for  example,  when  ordinary  phosphorus 
combines  with  chlorine,  bromine,  iodine,  or  oxygen,  a  portion  of  it  is 
converted  into  red  phosphorus.  Schrotter,  in  Vienna,  investigated  this 
variety  of  phosphorus,  and  pointed  out  by  what  methods  it  may  be 
produced  in  considerable  quantities.  Red  phosphorus  is  a  powdery  red- 
brown  opaque  substance  of  specific  gravity  2'14.  It  does  not  combine 
so  energetically  with  oxygen  and  other  substances  as  yellow  phosphorus, 
and  evolves  less  heat  in  combining  with  them.''  Common  phosphorus 
easily  oxidises  in  the  air  ;  red  phosphorus  does  not  oxidise  at  all  at  the 
ordinary  temperature  ;  hence  it  does  not  phosphoresce  in  the  air,  and 
may  be  very  conveniently  kept  in  the  form  of  powder.  It  does  not,  like 
yellow  phosphorus,  fuse  at  44°.     After  being  converted  into  vapour  at 

■^  The  thermo chemical  determinations  for  phosphorus  and  its  compounds  date  from 
the  last  century,  when  Lavoisier  and  Laplace  burnt  phosphorus  in  oxygen  in  an  ice 
calorimeter.  Andrews,  Despretz,  Favre,  and  others  have  studied  the  same  subject.  The 
most  accurate  and  complete  data  are  due  to  Thomsen.  To  determine  the  heat  of 
combustion  of  yellow  phosphorus,  Thomsen  oxidised  it  in  a  calorimeter  with  iodic  acid  in 
the  presence  of  water,  and  a  mixture  of  phosphorous  and  phosphoric  acids  was  thus 
formed  (was  not  any  hypophosphoric  acid  formed  ? — Salzer),  and  the  iodic  acid  converted 
into  hydriodic  acid.  It  was  first  necessary  to  introduce  two  corrections  into  the  calori- 
metric  result  obtained,  one  for  the  oxidation  of  the  phosphorous  into  phosphoric  acid, 
knowing  their  relative  amounts  by  analysis,  and  the  other  for  the  deoxidation  of  the 
iodic  acid.  The  result  then  obtained  expresses  the  conversion  of  phosphorous  into 
hydrated  phosphoric  acid.  This  must  be  corrected  for  the  heat  of  solution  of  the  hydrate 
in  water,  and  for  the  heat  of  combination  of  the  anhydride  with  water,  before  we  can 
obtain  the  heat  evolved  in  the  reaction  of  P2  with  O5  in  the  proportion  for  the  formation 
of  P0O5.  It  is  natural  that  with  so  complex  a  method  there  is  a  possibility  of  many 
small  errors,  and  the  resultant  figures  will  only  present  a  certain  degree  of  accuracy 
after  repeated  corrections  by  various  methods.  Of  such  a  kind  are  the  following  figures 
determined  by  Thomsen,  which  we  express  in  thousands  of  calories: — P2  +  O5  =  370; 
p2+O5  +  3H2O  =  400;  P2  +  O5  +  a  mass  of  water  =405,  Hence  we  see  that  PgOg  +  SHoO 
=  30;  2PH3O4+  an  excess  of  water  =5.  Experiment  further  showed  that  crystallised 
PH5O4,  in  dissolving  in  water,  evolves  2'7  thousand  calories,  and  that  fused  (39°)  PH5O4 
evolves  5'2  thousand  calories,  whence  the  heat  of  fusion  of  H5P04=2'5  thousand  calories. 
For  phosphorous  acid,  H3PO5,  Thomsen  obtained  P2  +  O;^  +  SH.iO  =  250,  and  the  solution  of 
crystallised  H5PO5  in  water  =  —  0'13,  and  of  fused  H3P05=  +2-9.  For  hypophosphorous 
acid,  H3PO2,  the  heats  of  solution  are  nearly  the  same  (  — 0'17  and  +2'1),  and  the  heat 
of  formation  P^  +  O  +  SHoO  =  75  ;  hence  its  conversion  into  2H5PO5  evolves  175  thousand 
calories,  and  the  conversion  of  2H3PO5  into  2H3P04  =  150  thousand  calories.  For  the 
sake  of  comparison  we  will  take  the  combination  of  chlorine  with  phosphorus,  also 
according  to  Thomsen,  per  2  atoms  of  phosphorus,  P2  +  ^^h  =  1^1,  Pg  +  ^CU  =  210  thousand 
calories.  In  their  reaction  on  an  excess  of  water  (with  the  formation  of  a  solution), 
2PCl3=130,  ^PCl5  =  247,  and  2POCl5  =  142  thousand  calories. 

Besides  which  we  will  cite  the  following  data  given  by  various  observers ;  heat  of 
fusion  for  P  {that  is,  for  31  parts  of  phosphorus  by  weight)  —  0'15  thousand  calories  ;  the 
conversion  of  yellow  into  red  phosphorus  for  P,  from  + 19  to  +  27  thousand  calories ; 
P  +  H3  =  4-3,  HI  +  PH3  =  24,  PH3  +  HBr  =  22  thousand  calories. 

At  the  ordinary  temperature  (20°  C.)  phosphorus  is  not  oxidised  by  pure  oxygen; 
oxidation  only  takes  place  with  a  slight  rise  of  temperatnre,  or  the  dilution  of  the  oxygen 
with  other  gases  (especially  nitrogen  or  hydrogen),  or  a  decrease  of  pressure. 
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290°  or  300''j  it  again  passes  into  the  ordinary  variety  when  slowly 
cooled.  Red  phosphorus  is  not  soluble  in  carbon  bisulphide  and  other 
oily  liquids,  which  permits  of  its  being  freed  from  any  admixture  of  the 
ordinary  phosphorus.  It  is  not  poisonous,  and  is  used  in  many  cases  for 
which  the  ordinary  phosphorus  is  unsuitable  or  dangerous  ;  for  example, 
in  the  manufacture  of  matches,  which  are  then  not  poisonous  or  in- 
flammable by  accidental  friction,  and  therefore  the  red  variety  has  now 
replaced  the  ordinary  phosphorus.^  ^^'^ 

The  heads  of  the  '  safety  '  matches  do  not  contain  any  phosphorus, 
but  only  substances  capable  of  burning  and  of  supporting  combus- 
tion. Red  phosphorus  is  spread  over  a  surface  on  the  box,  and  it 
is  the  friction  against  this  phosphorus  which  ignites  the  matches. 
There  is  no  danger  of  the  matches  taking  fire  accidentally,  nor  are 
they  poisonous."'  This  red  phosphorus  is  prepared  by  heating  the 
ordinary  phosphorus  at  230°  to  270°  ;  it  is  evident  that  this  must 
be  done  in  an  atmosphere  incapable  of  supporting  combustion — 
for    example,    in    nitrogen,    carbonic    anhydride,   steam,    iVc.      On   a 

4bi«  Ordinary  pliosplioras  takes  fire  at  a  temperature  (tiO^)  at  which  no  other  known 
substance  will  burn.  Its  application  to  the  manufacture  of  matches  is  based  on  this 
property.  In  order  to  illustrate  the  easy  inflammability  of  common  (yellow)  pliosphorus, 
its  solution  in  carbon  bisulphide  may  be  j)oured  over  paper;  this  solvent  quickly 
evaporates,  and  the  free  phosphorus  spread  over  a  large  surface  takes  fire  spontaneously, 
notwithstanding  the  cooling  effect  produced  by  the  evaporation  of  the  bisulphide.  The 
majority  of  phosphorus  matches  are  composed  of  common  phosphorus  mixed  with  some 
oxidising  substance  "which  easily  gives  up  oxygen,  such  as  lead  dioxide,  potassium 
clilorate,  nitre,  &c.  For  this  purpose  common  phosphorus  is  carefully  triturated  under 
warm  water  containing  a  little  gum ;  lead  dioxide  and  potassium  nitrate  are  then  added 
to  the  resultant  emulsion,  and  the  match  ends,  previously  coated  with  sulphur  f)r  paraffin, 
are  dipped  into  this  preparation.  After  this  the  matches  are  dipjaed  into  a  solution 
of  gum  and  shellac,  in  order  to  preserve  the  phosphorus  from  the  action  of  the  air. 
When  such  a  match  containing  particles  of  yellow  jjliosijliorus  is  rubbed  over  a  rough 
surface,  it  becomes  (especially  at  the  point  of  rupture  of  the  brittle  gummy  coating) 
slightly  heated,  and  this  is  sufficient  tn  cause  the  phosphorus  to  take  fire  and  bum  at 
the  expense  of  the  oxygen  of  the  other  ingredients. 

^  In  the  so-called  '  safety  '  or  Swedish  matches  (which  are  not  poisonous,  and  do  not 
take  fire  from  accidental  friction)  a  mixture  of  red  phosphoi'us  and  glass  forms  the 
surface  on  which  the  matches  are  struck,  and  the  matches  themselves  do  not  contain  any 
phosphorus  at  all,  but  a  mixture  of  antiiuonious  sulphide,  Sb.>S5  (or  similar  com- 
bustible substances)  and  potassium  chlorate  {or  other  oxidising  agents).  The  com- 
bustion, when  once  started  by  contact  with  the  red  phosphorus,  proceeds  by  itself 
at  the  expense  of  the  inflammatory  and  combustible  elements  contained  in  the  tip  of  the 
match.  The  mixture  applied  on  the  match  itself  must  not  be  liable  to  take  fire  from  a  blow 
or  friction.  The  mixture  forming  the  heads  of  the  '  safety  '  matches  has  the  following 
approximate  composition  :  55-60  parts  of  chlorate  of  potassium,  5-10  parts  of  peroxide  of 
manganese  (or  of  K.jCr^07),  about  1  part  of  sulphur  or  charcoal,  about  1  part  of  penta- 
sulphide  of  antimony,  Sb.-S^,  and  30-40  parts  of  rouge  and  powdered  glass.  This  mixture 
is  stirred  up  in  gum  or  glue,  and  the  matches  are  dipped  into  it.  The  paper  on  which 
the  matches  are  struck  is  coated  with  a  mixture  of  red  phosphorus  and  trisulphide  of 
antimony,  SbgS,^,  stirred  up  in  dextrine. 
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large  scale,  ordinary  phosphorus  is  placed  in  closed  iron  vessels,''"'  ^^^  and 
immersed  in  a  bath  of  different  proportions  of  tin  and  lead,  by  which 
means  the  temperature  of  2r)0'^  necessary  for  the  conversion  is  easily 
attained.  It  is  kept  at  this  temperature  for  some  time.  The  tempera- 
ture is  at  first  cautiously  raised,  and  the  air  is  thus  partially  expelled 
by  the  heat,  and  also  by  the  evolution  of  steam  (the  phosphorus  is 
damp  when  put  in),  whilst  the  remaining  oxygen  is  also  partially 
absorbed  by  the  phosphorus,  so  that  an  atmosphere  of  nitrogen  is 
produced  in  the  iron  vessel.  E,ed  phosphorus  enters  into  all  the 
reactions  proper  to  yelh)W  phosphorus,  only  with  greater  dif&culty 
and  more  slowly  ;  *^  and,  as  its  vapour  tension  (volatility)  is  less  than 

^^»s  Phosphorus  only  acts  on  iron  at  a  red  heat.  The  boiler  is  provided  with  a  safety 
valve  and  gas-conducting  tube,  which  is  immersed  in  mercury  or  other  liquid  to  prevent 
the  admission  of  air  into  the  boiler. 

^  The  specific  heat  of  the  yellow  variety  is  0*1B9— that  is,  greater  than  that  of  the  red 
variety,  which  ih  0'170.  Tlie  sp.  gr.  of  the  yellow  is  1'84,  and  of  the  red  prepared  at  200° 
'215,  and  of  that  prepared  at  580°  and  above  {i.e,  'metallic'  phosphorus,  f,ee  below) 
=  2"34.  At  230°  the  pressure  of  tlie  vapour  of  ordinai'v  phosphorus  =  514  millimetres 
of  mercury,  and  of  the  red  =  0— that  is  to  say,  the  red  phosphorus  does  not  form 
any  vapour  at  this  temperature ;  at  447°  the  vapour  tension  of  ordinarj'  phosx^horus  is  at 
first  =  5500  mm.,  but  it  gi-adnally  diminishes,  whilst  that  of  red  phosphorus  is  equal  to 
163Gmm. 

Hittorf,  by  heating  the  lower  portion  of  a  closed  tube  containing  red  phosphorus  to 
530°  and  the  ui:)per  portion  to  447'^',  obtained  crystals  of  the  so-called  '  metallic  '  phosphorus 
at  the  upx^er  extremity.  As  the  va^DOur  tensions  {according  to  Hittorf,  at  530°  the  vapour 
tension  of  yellow  phosphorus  =  8040  mm,,  of  red  =  6139mm.,  and  of  metallic  =  4130mm.) 
and  reactions  are  different,  metallic  phosphorus  may  be  regarded  as  a  distinct  variety. 
It  is  still  less  energetic  in  its  chemical  reaction  than  red  phosphorus,  and  it  is  denser 
than  the  two  preceding  varieties  :  sp.  gr.  =  2"34.  It  does  not  oxidise  in  the  air ;  is 
crystalline,  and  has  a  metallic  lustre.  It  is  obtained  when  ordinary  phosphoi-us  is  heated 
with  lead  for  several  hours  at  400°  in  a  closed  vessel,  from  which  the  air  has  been  exhausted. 
The  resultant  mass  is  then  treated  with  dilute  nitric  acid,  which  first  dissolves  the  lead 
(phosphorus  is  electro-negative  to  lead,  and  does  not,  therefore,  act  on  the  nitric  acid  at 
first)  and  leaves  brilliant  rhombohedral  crystals  of  phosphorus  of  a  dark  violet  colour 
with  a  slight  metallic  lustre,  which  conduct  an  electric  current  incomparably  better 
than  the  yellow  variety ;  this  also  is  characteristic  of  the  metallic  state  of  phos- 
phorus. 

The  researches  of  Lemoine  partially  explain  the  passage  of  yellow  (ordinary)  phos- 
phorus into  its  other  varieties.  He  heated  a  closed  glass  globe  containing  either  ordinary  or 
red  phosphorus,  in  the  vapour  of  sulphur  (440°),  and  then  determined  the  amount  of  the 
red  and  yellow  varieties  after  various  periods  of  time,  by  treating  the  mixture  with  carbon 
bisulphide.  It  appeared  that  after  the  lapse  of  a  certain  time  a  mixture  of  definite  and 
equal  composition  is  obtained  from  both — that  is,  between  the  red  and  yellow  varieties  a 
state  of  equilibrium  sets  in  like  that  of  dissociation,  or  that  observed  in  double  decom- 
positions. But  at  the  same  time,  the  progress  of  the  transformation  appeartd  to  be 
dependent  on  the  relative  quantity  of  phosphorus  taken  per  volume  of  the  globe 
{i.e.  upon  the  pressure).  Neglecting  the  latter,  we  will  cite  as  an  example  the  amounts 
of  the  red  phosphorus  transformed  into  the  ordinary,  and  of  the  ordinary  not  con- 
verted into  red,  per  30  gi-ams  of  red  or  yellow  taken  i^er  litre  capacity  of  the  globe, 
heated  to  440^.  "When  red  phosphorus  was  taken,  4'75  grams  of  yellow  phosphorus  were 
formed  after  two  hours,  four  grams  after  eight  hours,  three  grams  after  twenty-four  hours, 
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that  of  the  yellow  vaiiety,  it  may  be  supposed  that  a  polymerisation 
takes  place  in  the  passage  of  the  yellow  into  the  red  modification,  just  as 
in  the  passage  of  cyanogen  into  paracyanogen,  or  of  cyanic  acid  into 
cyanui-ic  acid  (Chapter  IX.  Xotes  39  bis  and  -18). 

The  vapour  of  phosphorus  is  colourless  ;  its  density  remains  constant 
between  300°  and  1000°  (Dumas,  1833;  Mitsoherlich,  Deville,  and 
Troost,  18.^9,  and  others).  The  density  with  respect  to  air  has  been 
determined  as  from  43  to  4-5.  Hence,  referred  to  hydrogen,  it  is 
4'4  X  144  =  63,  corresponding  with  a  molecular  weight  124,  i.e.  the 
molecule  of  phosphorus  in  a  state  of  vapour  contains  P.,.  The  reader 
will  remember  that  the  molecule  of  nitrogen  contains  N^,  of  sulphur  S,, 
or  Sj,  and  of  oxygen  Oj  or  O3. 

The  chemical  energy  of  phosphorus  in  a  free  state  more  nearly 
approaches  that  of  sulphur  than  nitrogen.  Phosphorus  is  combustible  and 
intlames  at  60°  ;  but  having  in  the  act  of  combination  parted  with  a  por- 
tion of  its  energy  in  the  form  of  heat  it  becomes  analogous  to  nitrogen, 
so  long  as  there  is  no  question  of  its  reduction  back  again  into  phos- 
phorus. Nitric  acid  is  easily  reduced  to  nitrogen,  whilst  phosphoric 
acid  is  reduced  with  very  much  greater  ditiiculty.  All  the  compounds  of 
phosphorus  are  less  volatile  than  those  of  nitrogen.  Nitric  acid,  HNO3, 
is  easily  distilled  ;  metaphosphoric  acid,  HPO3,  is  generally  said  to  be 


luui  tlie  last  limit  remained  constant  on  further  heating  AVhen  thirty  grams  of  yellow 
phosphorus  were  tiUcen,  five  grams  remained  unaltered  after  two  hours,  four  grams 
lifter  eight  hours,  luid  after  twenty-four  hours  and  more  three  grams  as  before. 
Troost  and  Hautefeuille  showed  that  liquid  phosphorus  in  general  changes  more  easily 
into  the  red  than  does  phosphorus  vapour,  which,  however,  is  able,  although  slowly,  to 
deposit  red  phosphorus. 

The  question  presents  itself  as  to  whether  phosphorus  in  a  state  of  vapour  is  the 
ordinary  or  some  other  variety  ?  Hittorf  {18651  collected  many  data  for  the  solution  of 
this  problem,  which  leave  no  doubt  that  {as  experimental  figures  show)  the  density 
of  the  vapour  of  phosphorus  is  always  the  same,  although  the  vapour  tension  of  the 
different  varieties  and  their  mixtures  is  very  variable.  This  shows  that  the  different 
varieties  of  phosphorus  only  occur  in  a  liquid  and  solid  state,  as  indeed  is  implied 
in  the  idea  of  polymerisation.  Strictly  speaking,  the  vapour  of  phosphorus  is  a 
particular  state  of  this  substance,  and  the  molecular  formula  P4  refers  only  to  it,  and  not 
to  any  other  definite  state  of  phosphorus.  But  Raoult's  solution  method  showed  that 
in  a  benzene  solution  the  fall  of  the  freezing  point  indicates  for  ordinary  phosphorus  a 
molecule  P4,  judging  by  the  determinations  of  Paterno  and  Nasini  (18b8),  Hirtz  (1890), 
and  Beokmann  (1891),  who  obtained  for  sulphur  by  the  same  method  a  molecular  weight 
--  So,  in  conformity  with  the  vapour  density.  Further  research  in  this  direction  will 
perhaps  show  the  possibility  of  finding  the  molecular  weight  of  red  phosphorus,  if  a 
means  be  discovered  for  dissolving  it  without  converting  it  into  the  yellow  variety. 

1  think  it  will  not  be  out  of  place  here  to  draw  the  reader's  attention  to  the  fact  that 
red  phosphorus,  which  we  must  recognise  as  polymeric  with  the  yellow,  stands  nearer  to 
nitrogen,  whose  molecule  is  No,  in  its  small  inclination  towards  chemical  reactions, 
although  judging  by  its  small  vapour  tension  it  must  be  more  complex  than  ordiiuiry 
(yellow  and  white)  phosphorus. 


PHOSPHOEUS  AND  THE  OTHER  ELEMENTS  OF  GEOUP  V.   157 

non-volatile  ;    triethylamine,    N(C.2H5)3,  boils    at    90°,    and   trietliyl- 
phosphine,  P(C2H.5)3,  at  127°. 

Phosphorus  not  only  combines  easily  and  directly  with  oxygen,  but 
also  with  chlorine,  bromine,  iodine,  sulphur,  and  with  certain  metals, 
and  red  phosphorus  when  heated  combines  with  hydrogen  also.'' ''''  So,  for 
instance,  when  fused  with  sodium  under  naphtha,  phosphorus  gives  the 
compound  Na3P2.  Zinc,  absorbing  the  vapour  of  phosphorus,  gives  the 
phosphide  Zn^P,  (sp.  gr.  4-76)  ;  tin,  SnP  ;  copper,  CujP  ;  even  platinum 
combines  with  phosphorus  (PtP2,  sp.  gr.  8-77).^  '"  Iron,  when  combined 
even  with  a  small  quantity  of  phosphorus,  becomes  brittle.'^  )Some  of 
these  compounds  of  phosphorus  are  obtained  by  the  action  of  phos- 
phorus on  the  solutions  of  metallic  salts,  and  by  the  ignition  of  metallic 
oxides  in  the  vapour  of  phosphorus,  or  by  heating  mixtures  of  phos- 
phates with  charcoal  and  metals.  Phosphides  do  not  exhibit  the 
external  properties  of  salts,  which  are  so  clearly  seen  in  the  chlorides 
and  still  distinctly  observable  in  the  sulphides.  The  phosphides  of  the 
metals  of  the  alkalis  and  of  the  alkaline  earths  are  even  immediately 
and  very  easily  decomposed  by  water,  whereas  this  is  found  to  be  the 
case  with  only  a  very  few  sulphides,  and  still  more  rarely  and  indistinctly 
with  the  chlorides.     We  may  take  calcium  phosphide  as  an  example.'^ ''" 

•^bu  Retgers  (see  further  on)  showed  this  in  1894,  and  obsen'ed  that  As  when  heated 
also  combines  with  hydrogen. 

6  tri  The  capacity  of  mercury  (Chapter  XVI.,  Note  25  bis)  to  give  unstable  compounds 
with  nitrogen  gives  rise  to  the  supposition  that  similar  compounds  exist  with  phosphorus 
also.  Such  a  compound  was  obtained  by  Granger  (1892)  by  heating  mercury  with  iodide 
of  phosphorus  in  a  closed  tube  at  275°-300°.  After  removing  the  iodide  of  mercury 
formed,  there  remain  fine  rhombic  crystals  having  a  metallic  lustre,  and  composition 
HgjPg.  This  compound  is  stable,  does  not  alter  at  the  ordinary  temperature  and  only 
decomposes  at  a  red  heat  ;  when  heated  in  air  it  burns  with  a  flame.  Nitric  and  hydro- 
chloric acids  do  not  act  upon  it,  but  it  is  easily  decomposed  by  aqua  regia.  A  phosphide 
of  copper,  CU2P2,  was  obtained  by  Granger  (1893)  by  heating  a  mixture  of  water, 
finely  divided  copper  and  red  phosphorus  in  a  sealed  tube  to  130°.  The  excess  of 
copper  was  afterwards  washed  away  by  a   solution  of  NH,^  in  the  presence  of  air. 

The  metallic  compounds  of  phosphorus  possess  a  great  chemical  interest,  because 
they  show  a  transition  from  metallic  alloys  (for  instance,  of  Sb,As)  to  the  sulphides,  halo- 
gen salts,  and  oxides,  and  on  the  other  hand  to  the  nitrides.  Although  there  are  already 
many  fragmentary  data  on  the  subject,  the  interesting  province  of  the  metallic  phos- 
phides cannot  yet  be  regarded  as  in  any  way  generalised.  The  varied  applications  (phos- 
phor-iron, phosphor-bronze,  &c.),  which  the  phosphides  have  recently  acquired  should 
give  a  strong  incentive  to  the  complete  and  detailed  study  of  this  subject,  which 
would,  in  my  opinion,  help  to  the  explanation  of  chemical  relations  beginning  with  alloys 
(solutions)  and  ending  with  salts  and  the  compounds  of  hydrogen  (hydrides),  because  the 
phosphor-metals,  as  is  proved  by  direct  experiment,  stand  in  the  same  relation  to  phos- 
phuretted  hydrogen  as  the  sulphides  do  towards  sulphuretted  hydrogen,  or  as  the  metallic 
chlorides  to  hydrochloric  acid. 

">'=  Many  other  compounds  of  phosphorus  are  also  capable  of  fonning  phosphuretted 
liydrogen.  Thus  BP  also  gives  PH-  (see  Chapter  XVIL,  Note  12).  According  to  Liipke 
(1890)  phosphuretted  hydrogen  is  formed  by  phosphide  of  tin.     The  latter  is  prepared  by 
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Phosphorus  is  laid  in  a  deep  crucible,  and  covered  with  a  clay  plug, 
over  which  lime  is  strewn.  At  a  red  heat  the  vapours  of  phosphorus 
combine  with  the  ux3'gen  of  the  lime  and  form  phosphoric  anhydride, 
which  forms  a  salt  with  another  portion  of  the  lime,  whilst  the 
liberated  calcium  combines  with  the  phosphorus  and  forms  calcium 
phosphide.  Its  composition  is  not  quite  certain  ;  it  may  be  OaP 
(corresponding  with  liquid  phosphuretted  hydrogen).  This  Substance 
is  remarkable  for  the  following  reaction  :  if  we  take  water — or,  better 
still,  a  dilute  solution  of  hydrochloric  acid — and  throw  calcium  phos- 
phide into  it,  bubbles  of  gas  are  evolved,  which  take  fire  spon- 
taneously in  the  air  and  form  white  rings.  This  is  owing  to  the  fact 
that  the  liquid  hydrogen  phosphide,  PH^,  is  first  formed,  thus, 
CaP  -I-  2HC1  =  CaCla  -|-  PH.,,  which,  owing  to  its  instability,  very 
easily  splits  up  into  the  solid  phosphide,  P.^H,  and  gaseous  phosphide, 
PH3  ;  5PH.2  =  P.2H  +  3PH3  ;  the  latter  corresponds  with  ammonia. 
The  mixture  of  the  gaseous  and  liquid  phosphides  takes  fire  spon- 
taneously in  the  air,  forming  phosphoric  acid.  The  same  hydrogen 
phosphides  are  formed  when  water  acts  on  sodium  phosphide  (PjNas). 
A  similar  mixture  of  gaseous  liquid  and  solid  phosphuretted  hydrogen 
(Retgers  1894)  is  formed  by  heating  (in  a  glass  tube)  red  phosphorus 
in  a  stream  of  dry  hydrogen.  Hence  we  see  that  there  are  three  com- 
pounds of  phosphorus  with  hydrogen  .  (1)  The  first  or  solid  yellow 
phosphide,  P2H  (more  probably  PjHj),  is  obtained  by  the  action  of 
strong  hydrochloric  acid  on  sodium  phosphide  ;  it  takes  fire  when 
struck  or  at  175°.  ("2)  The  liquid,  PHj,  or  more  correctly  expressed  as 
the  molecule,  P.2H4,is  a  colourless  liquid  which  takes  fire  spontaneously 
in  the  air,  boils  at  30°,  is  very  unstable,  and  is  easily  decomposed  (by 
light  or  hydrochloric  acid)  into  the  two  other  phosphides  of  hydrogen. 
It  is  prepared  by  passing  the  gases  evolved  by  the  action  of  water 
on  calcium  phosphide  through  a  freezing  mixture.*  And,  lastly,  (3), 
gaseous  hydrogen  phosphide,  phosphine,  PH3,  which  is  distinguished  as 
being  the  most  stable.  It  is  a  colourless  gas,  which  does  not  take  fire 
in  the  air.  It  has  an  odour  of  garlic,  and  is  very  poisonous.  It 
treating  molten  tin  covered  witli  a  layer  of  carbonate  of  ammonium,  with  red  phosphorus ; 
200-300  c.c.  of  water  are  then  poured  into  a  flask,  3-5  grams  of  this  phosphide  of  tin 
dropped  in,  and  after  driving  out  the  air  by  a  stream  of  carbonic  acid,  hydrochloric  acid 
(sp.  gr.  1"104)  is  poured  in.  The  disengagement  of  phosphuretted  hydrogen  takes  place  on 
heating  the  flask  in  a  water  bath.  The  following  is  another  easy  method  for  preparing 
PH3.  A  mixture  of  1  part  of  zinc  dust  (fume)  and  2  parts  of  red  phosphorus  are  heated 
in  an  atmosphere  of  hydrogen  (the  mixture  burns  in  air).  Combination  takes  place 
accompanied  by  a  flash,  and  a  grey  mass  of  Zn^Pa  is  formed  which  gives  PH5  when  treated 
with  dilute  HoSOj. 

8  The  spontaneous  inflammability  of  the  hydride  PH^  in  air  is  very  remarkable,  and 
it  is  particularly  interesting  that  its  analogues  in  oomiiosition,  P(C._.H5)o  (the  formula  must 
be  doubled)  and  Zn(Coli5)2,  also  take  fire  spontaneously  in  air. 
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resembles  ammonia  in  many  of  its  properties.'''^''  It  is  easily  decom- 
posed by  heat,  like  ammonia,  forming  phosphorus  and  hydrogen  ;  but 
it  is  very  slightly  soluble  in  water,  and  does  not  saturate  acids, 
although  it  forms  compounds  with  some  of  them  which  resemble 
ammonium  salts  in  their  form  and  properties.  Among  them  the  com- 
'pound  luith  hydrindic  acid,  PH4I,  analogous  to  ammonium  iodide,  is 
remarkable.  This  compound  crystallises  on  sublimation  in  well-formed 
cubes,  like  sal-ammoniac,  which  it  resembles  in  many  respects.  How- 
ever, this  compound  does  not  enter  into  those  reactions  of  double 
decomposition  which  are  proper  to  sal-ammoniac,  because  its  saline 
properties  are  very  feebly  de^'eloped.  Phosphuretted  hydrogen  also 
combines,  like  ammonia,  with  certain  chloranhyd rides  ;  but  they  are 
decomposed  by  water,  with  the  evolution  of  phosphine.  Ogier  (1880) 
showed  that  hydrochloric  acid  also  combines  with  phosphine  under  a 
pressure  of  20  atmospheres  at  -f  18°,  and  under  the  ordinary  pressure 
at  —35°,  forming  the  crystalline  phosphonium  chloride  PH4CI,  corre- 
sponding to  sal-ammoniac.  Hydrobromic  acid  does  the  same  with  greater 
ease,  and  hydriodic  acid  with  still  greater  facility,  forming  phosphonium 
iodide,  PH4I.9 

8  bis  The  analogy  between  PH5  and  NH3  is  x:)articularly  clear  in  the  hydrocarbon 
derivatives.  Just  as  NH.^R,  NHRo,  and  NR-,  where  R  is  CH5,  and  other  hydrocarbon 
radicles,  correspond  to  NH-,  so  there  are  actually  similar  compounds  corresponding  to  PH3. 
These  compounds  form  a  branch  of  organic  chemistry. 

^  The  periodic  law  and  direct  experiment  (the  molecular  weight)  show  that  PH5  is  the 
normal  compound  of  P  and  H  and  that  it  is  more  simple  than  PHg  or  PjH4,  just  as 
methane,  CH4,  is  more  simple  than  ethane,  C^Hg,  whose  empirical  composition  is  CH5. 
The  formation  of  liquid  phosphuretted  hydrogen  may  be  understood  from  the  law  of 
substitution.  The  univalent  radicle  of  PH5  is  PH^,  and  if  it  is  combined  with  H  in  PH- 
it  replaces  H  in  liquid  phosphuretted  hydrogen,  which  thus  gives  P.1H4.  This  substance 
corresponds  with  free  amidogen  (hydrazine),  N.iH^  (Chapter  VI.)  Probably  P2H4  is  able 
to  combine  with  HI,  and  perhaps  also  with  2HI,  or  other  molecules — that  is,  to  give  a 
substance  corresponding  to  phosphoniun  iodide. 

Pkosphoniitvi  iodide^  PII4I)  may  be  prepared,  according  to  Baeyer,  in  large  quanti- 
ties in  the  following  manner : — 100  parts  of  phosphorus  are  dissolved  in  dry  carbon 
bisulplude  in  a  tubulated  retort  :  when  the  mixture  has  cooled,  175  parts  of  iodiden 
are  added  little  by  little,  and  the  carbon  bisulphide  is  then  distilled  off,  this  being  done 
towards  the  end  of  the  operation  in  a  current  of  dry  carbonic  anhydride  at  a  moderate 
temperature.  The  neck  of  the  retort  is  then  connected  with  a  wide  glass  tube,  and  tlie 
tubulure  with  a  funnel  furnished  with  a  stopcock,  and  containing  50  parts  of  water. 
This  water  is  added  drop  by  drop  to  the  phosphorous  iodide,  and  a  violent  reaction  takes 
place,  with  the  evolution  of  hydriodic  acid  and  phosphonium  iodide.  The  latter  collects 
as  crystals  in  the  glass  tube  and  the  retort  itself.  It  is  purified  by  further  distilla- 
tions ;  more  than  100  parts  may  be  obtained.  Baeyer  expresses  the  reaction  by  the 
equation  PoI-l-2H20=  PH4I  +  PO2;  and  the  compound  POo  may  be  represented  as 
phosphorous  phosphoric  anhydride  :  P2O5  -I-  PoO,-^  =  -IPO^.  As  a  better  proportion  we 
may  take  400  grams  of  phosphorus,  680  grams  of  iodine,  and  240  grams  of  water,  and 
express  the  formation  thus  :  I3P  +  9I-I-2IH2O  =  3H4p207-i-7PH4l  +  2HI  (Chapter  XL, 
Note  77). 

Phosphonium  iodide   and  even  phosphine   act   as  reducing   agents  in   solutions  of 
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Phosphuretted  hydrogen,  orphosphine,  PH.,,  is  generally  prepared  by 
the  action  of  caustic  potash  on  phosphorus.'"  Small  pieces  of  phos- 
phorus are  dropped  into  a  flask  containing  a  strong  solution  of  caustic 
potash  and  heated.  Potassium  hypophosphite,  HjKPO,,  is  then  ob- 
tained in  solution  ;  gaseous  phosphuretted  hydrogen  is  evolved  : 

Pj  +  SKHO-l-SHsO  =  3(KH2PO.,)  +  PH3. 

Liquid  phosphuretted  hydrogen  (and  free  hydrogen)  is  also  formed, 
together  with  the  phospbine,  so  that  the  gaseous  product,  on  escaping 
from  the  water  into  the  air,  takes  fire  spontaneously,  forming  beautiful 
white  rings  of  phosphoric  acid.  In  this  experiment,  as  in  that  with 
calcium  phosphide,  it  is  the  liquid,  P2H4,  that  takes  tire  ;  but  the 
phosphine  set  light  to  by  it  also  burns,  PHj-fO.,  =  PH3O4.  The  same 
phosphuretted  hydrogen,  PH3,  may  be  obtained  pure,  and  not  spon- 
taneously combustible,  by  igniting  the  hydrates  of  phosphorous  acid 
(4PH303  =  PH3  +  3PH304)  and  hypophosphorous  acid  (2PH3O, 
=  PH3-I-PH3O4)  ;  or,  more  simply,  by  the  decomposition  of  calcium 
phosphide  by  hydrochloric  acid,  because  then  all  the  liquid  phosphide, 
P2H4,  is  decomposed  into  non-volatile  PjH  and  gaseous  PH3.  Pure 
phosphine  liquefies  when  cooled  to  — 90°,  boils  at  —85°,  and  solidifies 
at  —  ]  35°  (Olszewski).  When  phosphorus  burns  in  an  excess'"  *'"  of  dry 

many  metallic  salts.  Cavazzi  showed  that  with  a  solution  of  sulphurous  anhydride  phos- 
phine gives  sulphur  and  phosphoric  acid. 

i*!  The  air  must  first  be  expelled  from  the  iiask  by  hydrogen,  or  some  other  gas  which 
will  not  support  combustion,  as  otherwise  an  explosion  might  take  place  owing  to  the 
spontaneous  inflammability  of  the  phosphuretted  hydrogen. 

The  combustion  of  phosphuretted  hydrogen  in  oxygen  also  takes  place  under  water 
when  the  bubbles  of  both  gases  meet,  and  it  is  very  brilliant.  The  phosphuretted 
hydrogen  obtained  by  the  action  of  phosphorus  on  caustic  potash  always  contains  free 
hydrogen,  and  often  even  the  greater  part  of  the  gas  evolved  consists  of  hydrogen. 

Pure  pltosplmrcAted  hydrogen  (not  containing  hydrogen  or  liquid  or  solid  phos- 
phides) is  obtained  by  the  action  of  a  solution  of  potash  on  phosphonium  iodide : 
PH4I-I-KHO  =  PH5 -I- KI 4- H.,0  (in  just  the  same  way  as  ammonia  is  liberated  from 
ammonium  chloride).  The  reaction  proceeds  easily,  and  the  purity  of  the  gas  is  seen 
from  the  fact  that  it  is  entirely  absorbed  by  bleaching  powder  and  is  not  spontaneously 
inflammable.  Its  mixture  with  oxygen  explodes  when  the  pressure  is  diminished 
(Chapter  XVIII.,  Note  8).  The  vapours  of  bromine,  nitric  acid,  cfec,  cause  it  to  again 
acquire  the  property  of  inflaming  in  the  air;  that  is,  they  partially  decompose  it, 
forming  the  liquid  hydride,  P.^Hj.  Oppenheim  showed  that  when  red  phosphorus  is 
heated  at  200°  with  hydrochloric  acid  in  a  closed  tube  it  forms  the  compound 
PCl5(H3P05),  together  with  phosphine. 

10  bis  If  there  be  a  deficiency  of  oxygen,  phosphorous  anhydride  P.,>05  is  formed.  It 
was  obtained  by  Thorpe  and  Tutton  (1890)  and  is  easily  volatilised,  melts  at  22°'5,  boils 
without  change  (in  an  atmosphere  of  Nj  or  CO.j)  at  173°  and  is  therefore  easily  separated 
from  P.jOj,  wliich  volatilises  with  difficulty.  The  vapour  density  shows  that  the  mole- 
cular weight  is  double,  i.e.  PjOg  (like  As.iOj).  Although  colourless,  phosphorous  anhydride 
(its  density  in  a  state  of  fusion   at  24°  =  1'936)  turns  yellow  and  reddens  in  sun-light 
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■oxygen,    then    only  phosphoric  anhydride,    P2O,,,    is   formed.      It    is 
prepared  by  dropping  pieces  of  phosphorus  through  a  wide  tube,  fixed 
into  the  upper  neck  of  a  large  glass  globe,  on  to  a  cup  suspended  in  the 
centre  of  the  globe.     These  lumps  are  set  alight  by  touching  them  with 
a  hot  wire,  and  the  phosphorus  burns  into  P2O5.     The  dry  air  necessary 
for  its  combustion  is  forced  into  the  globe  through  a  lateral  neck,  and 
the  white  flakes  of  phosphoric  anhydride  formed  are  carried  by  the 
current  of  air  through  a  second  lateral  neck  into  a  series  of  Woulfe's 
bottles,  where  they  settle  as  friable  white  flakes.    Phosphoric  anhydride 
may  also  be  formed  by  passing  dry  air  through  a  solution  of  phosphorus 
in  carbon  bisulphide.     All  the  materials  for  the  preparation  of  this  sub- 
stance must  be  carefully  dried,  because  it  combines  with  great  eagerness 
tvith  water,  at  the  same  time  developing  a  large  amount  of  heat  and 
forming   metaphosphoric   acid,  HPO3,  from  which  the  water  cannot 
be  separated  by  heat.     Phosphoric  anhydride  is  a  colourless  snow-like 
substance,  which  attracts  moisture  from  the  air  with  the  utmost  avidity. 
It  fuses  at  a  red  heat,  and  then  volatilises.     Its  aflinity  for  water  is  so 
great  that  it  takes  it  up  from  many  substances.     Thus  it  converts  sul- 
phuric acid  into  sulphuric  anhydride,  and  carbohydrates  (wood,  paper) 
are  carbonised,  and  give  up  the  elements  of  water  when  brought  into 
contact  with  it. 

When  moist  phosphorus  slowly  oxidises  in  the  air,  it  not  only 
forms  phosphorous  and  phosphoric  acids,  but  also  hypop>hosphoric  acid, 
H4P20^,  which  when  in  a  dry  state  easily  splits  up  at  60°  into  phos- 
phorous and  metaphosphoric  acids  (H4P2O5  ^  H3p03-|-IIP03),  but 
differs  from  a  mixture  of  these  acids  in  that  it  forms  well-characterised 
salts,  of  which  the  sodium  salt,  H2]Sra2P205,  is  but  slightly  soluble  in 
water  (the  sodium  salts  of  phosphoric  and  phosphorous  acids  are  easily 
soluble),  and  that  it  does  not  act  as  a  reducing  agent,  like  mixtures 
containing  phosphorous  acid." 

(possibly  red  phosphorus  separates  out  ?),  and  decomposes  at  400°  forming  hypophos- 
■phorous  anhydride  P2O4  (Note  11)  and  phosphorus.  It  passes  into  P2O5  in  air  and 
oxygen,  and  when  slightly  heated  in  oxygen  becomes  luminous,  and  ultimately  takes 
fire.  Cold  water  slowly  transforms  P2O5  into  phosphoric  acid,  but  hot  water  gives  an 
explosion  and  leads  to  the  formation  of  PH3,  (P4O6  +  6H2O  =  PH34-3PH304).  Alkalis 
act  in  the  same  manner.  It  takes  fire  in  chlorine  and  forms  POCI3  and  PO2CI,  and 
■combines  with  sulphur  at  160°,  forming  P2S2O5  (^^^  molecular  formula  is  double  this)  a 
substance  which  volatilises  in  vacuo  and  is  decomposed  by  water  into  HoS  and  phosphoric 
acid,  i.e.  it  may  be  regarded  as  P2O5,  in  which  O2  has  been  replaced  by  two  atoms  of 
■sulphur.  Judging  from  the  above,  the  mixture  of  P2O5  and  P2O5  formed  in  the  combus- 
tion of  phosphorus  in  air  is  Vansformed  into  P2O5  in  an  excess  of  oxygen. 

^^  Salzer  proved  the  existence  of  hypophosphoric  acid  (it  is  also  called  subphosphoric 
acid),  in  which  many  chemists  did  not  believe.     Drawe  (1888)  and  Rammelsberg  (1892)  in- 
vestigated its  salts.    It  may  be  obtained  in  a  free  state  by  the  following  method.     The 
solution  of  acid  produced  by  the  slow  oxidation  of  moist  phosphorus  is  mixed  with  a 
VOL.  II.  M 
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Judging  by  the  general  law  of  the  formation  of  acids  (Chapter  XV.), 
the  series  of  phosphorus  compounds  should  include  the  following  ortho- 
acids  and  their  corresponding  anhydrides,  answering  to  phosphuretted 
hydrogen,  H3P  :— 

H3PO4,  phosphoric  acid,  and  P2O5,  anhydride, 

H3PO3,  phosphorous  acid,  and  P2O3J  anhydride, 

H3PO2,  hypophosphorous  acid,  and  P2O,   anhydride.'^ 

The  last  of  these  (the  analogue  of  l^fi)  is  almost  unknown.  Phos- 
phoric anhydride  (P2O5)  with  a  small  quantity  of  water  does  not  at  first 
give  orthophosphoric  acid,  PH3O4,  but  a  compound  P20ri,H.20,  or 
PHO3,  whose  composition  corresponds  with  that  of  nitric  acid  ;  this  is 
metaphosphoric  acid.  Even  with  an  excess  of  water,  combining  with 
phosphoric  anhydride,  this  metaphosphoric  acid,  and  not  the  ortho-, 
passes  at  tirst  into  solution.  Metaphosphoric  acid  in  solution  only 
passes  into  orthophosphoric  acid  when  the  solution  is  heated  or  after 
a  lapse  of  time. 

Ortlioplwsplioric  acid  "  is  obtained  by  oxidising  phosphorus  with 
nitric  acid  until  the  phosphorus  entirely  passes  into  solution  and  the 

solution  (25  p.c.)  of  sodium  acetate.  A  salt,  NaaHjPoOejBHjO,  crystallises  out  on  cool- 
ing ;  it  is  soluble  in  45  parts  of  water,  and  gives  a  precipitate  of  PbjPjOe  witli  lead  salta 
(Ag4Po06  witli  salts  of  silver).  The  lead  salt  is  decomposed  by  a  current  of  hydrogen 
sulphide,  when  lead  sulphide  is  precipitated,  while  the  solution,  evaporated  under  the 
receiver  of  an  air-pump,  gives  crystals  of  H4P206,2H20,  which  easily  lose  water  and 
give  H4P2O6.  The  salts  in  wliich  the  H4  is  replaced  by  Nij,  or  NiNaj,  or  CdNaj,  &c., 
are  insoluble  in  water. 

In  order  to  see  the  relation  between  phosphoric  acid  and  hypophosphoric  acid  which 
does  not  contain  the  elements  of  phosphorous  acid  (because  it  does  not  reduce  either- 
gold  or  mercury  from  their  solutions),  but  which  nevertheless  is  capable  of  being  oxidised 
(for  example,  by  potassium  permanganate)  into  phosphoric  acid,  it  is  simplest  to  apply 
the  larw  of  substitution.  This  clearly  indicates  the  relation  between  oxalic  acid,  (COOH)j, 
and  carbonic  acid,  OH(COOH).  The  relation  between  the  above  acids  is  exactly  the 
same  if  we  express  phosphoric  acid  as  OH(P002H2),  because  in  this  case  P2H40e,  or 
(P002H2)3,  will  correspond  with  it  just  as  oxalic  does  with  carbonic  acid.  A  similar 
relationship  exists  between  hyposulphuric  or  dithionic  acid,  (S020H)2,  and  sulphuric 
acid,  0H(S020H),  as  we  shall  find  in  the  following  chapter.  Dithionic  acid  corresponds 
with  the  anhydride  S2O5,  intermediate  between  SOo  and  SO3 ;  oxalic  acid  with  CjOj, 
intermediate  between  CO  and  CO2  ;  hypophosphoric  acid  corresponds  with  the  anhy- 
dride P2O4,  intei-mediate  between  P2O3  and  P2O5,  and  the  analogue  of  Nj04. 

1^  Besides  the  hydrates  enumerated,  a  compound,  PH3O,  should  correspond  with  PHj. 
This  hydrate,  which  is  analogous  to  hydroxylamine,  is  not  known  in  a  free  state,  but  it  is 
known  as  triethylphosphine  oxide,  P(C2H5)50,  which  is  obtained  by  the  oxidation  of 
triethylphosphine,  P(C2H5)3.  It  must  be  observed  that  there  may  also  be  lower  oxides  of 
phosphorus  corresponding  with  PH3,  like  NoO  and  NO,  and  there  are  even  indications 
of  the  formation  of  such  compounds,  but  the  data  concerning  them  cannot  be  considered 
as  firmly  established. 

'•>  Phosphoric  acid,  being  a  soluble  and  almost  non-volatile  substance,  cannot  be  pre- 
pared like  hydrochloric  and  nitric  acids  by  the  action  of  sulphuric  acid  oft  the  alkali  phos- 
phates, although  it  is  partially  liberated  in  the  process.     For  this  purpose  the  salts  of 
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lower  oxides  of  nitrogen  cease  to  be  evolved.  The  reaction  takes  place 
best  with  dilute  nitric  acid,  and  when  aided  by  heat.  The  resultant 
solution  is  evaporated  to  a  syrup.  If  a  weighed  quantity  of  phosphorus 
(dried  in  a  current  of  dry  carbonic  anhydride)  be  taken,  a  crystalline 
mass  of  the  acid  can  be  obtained  by  evaporating  the  solution  until  it  con- 
sists only  of  the  quantity  '''  of  phosphoric  acid  corresponding  with  the 
amount  of  phosphorus  taken  (from  31  parts  of  P,  98  parts  of  solution). 
The  acid  fuses  at +39°  ;  specific  gravity  of  the  liquid  1'88.  Phosphorus 
pentaohloride,  PCI5,  and  oxychloride,  POCI3  (see  further  on),  give 
orthophosphoric  acid  and  hydrochloric  acid  with  water.  The  two  other 
varieties  of  phosphoric  acid,  with  which  we  shall  presently  become 
acquainted,  give  the  same  ortho-acid  when  under  the  influence  of  acids, 
with  particular  ease  when  boiled  and  more  slowly  in  the  cold.  By 
itself  orthophosphoric  acid  (either  in  solution  or  when  dry)  does  not 
pass  into  the  other  varieties  ;  it  does  not  oxidise,  and  therefore  presents 
the  limiting  and  stable  form.  When  heated  to  300°,  it  loses  water  and 
passes  into  pyrophosphoric  acid,  2H3PO4  =  H20-t-H4P507,  whilst  at  a 
red  heat  it  loses  twice  as  much  water  and  is  converted  into  metaphos- 
phoric  acid,  H3PO4  =  H2O  +  HPO3.  In  aqueous  solution  orthophos- 
phoric acid  differs  clearly  from  pyro-  or  meta-phosphoric  acids,  because 
the  solutions  of  these  latter  acids  give  dift'erent  reactions  :  thus  ortho- 
phosphoric acid  does  not  precipitate  albumin,  does  not  give  a  precipitate 
with  barium  chloride,  and  forms  a  yellow  precipitate  of  silver  ortho- 
phosphate,  Ag3P04,  with  silver  nitrate  (in  the  presence  of  alkalis,  but 
not  otherwise)  ;  whilst  a  solution  of  pyrophosphoric  acid,  H4P2O7, 
although  it  does  not  precipitate  albumin  .or  barium  chloride,  gives 
a  white  precipitate  of  silver  pyrophosphate,  Ag4P207,  with  silver 
nitrate  ;  and  a  solution  of  metaphosphoric  acid,  HPO3,  precipitates 
both  albumin  and  barium  chloride,  and  gives  a  white  precipitate  of 
silver  metaphosphate,  AgP03,  with  silver  nitrate.  These  points  of 
distinction  were  studied  by  Graham,  and  are  exceedingly  instructive. 
They  show  that  the  solution  of  a  substance  does  not  determine 
the  maximum  of  chemical  combination  with  water,  that  solutions  may 
contain  various  degrees  of  combination  with  water,  and  that  there  is 
a  clear  difference  between  the  water  serving  for  solution  and  that 
entering  into  chemical  combination.  Graham's  experiments  also 
showed  that  the  water  whose  removal  or  combination  determines  the 

barium  or  lead  may  be  taken,  because  they  give  insoluble  salts,  thusBa5{P04)2  +  3H2S04 
=  3BaS04H-2H5P04  ^  Bone  asli  contains,  besides  calcium  phosphate,  sodium  and  mag- 
nesium phosphates,  and  fluorides  and  other  salts,  so  that  it  cannot  give  directly  a  pure 
phosphoric  acid. 

^*  If  this  is  not  done  the  orthophosphoric  acid,  PH3O4,  loses  a  portion  of  its  water, 
and  then,  as  with  an  excess  of  water,  it  does  not  crystallise. 

M  •! 
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conversion  of  ortho-  into  meta-  and  pyrophosphoric  acids  differs  dis- 
tinctly from  water  of  crystallisation,  for  he  obtained  the  salts  of  ortho-, 
meta-,  and  pyrophosphoric  acids  with  water  of  crystallisation,  and  they 
differed  in  their  reactions,  like  the  acids  themselves.  This  water  of 
crystallisation  was  expelled  with  greater  ease  than  the  water  of  constitu- 
tion of  the  hydrates  in  question. '"""'s 

Orthophosphoric  acid  has  a  pleasant  acid  taste  and  a  distinctly  acid 
reaction  ;  it  is  used  as  a  medicine,  and  is  not  poisonous  (phosphorous 
acid  is  poisonous).  Alkalis,  like  sodium,  potassium,  and  ammonium 
hydroxides,  saturate  the  acid  properties  of  phosphoric  acid  when  taken 
in  the  ratio  2NaH0  :  H3PO4 — that  is,  when  salts  of  the  composition 
H]Sra,P04  are  formed.  When  taken  in  the  ratio  NaHO  :  H3PO4,  a 
solution  having  an  acid  reaction  is  obtained,  and  when  3NaH0  :  H3PO4 
— that  is,  when  the  salt  Na3P04  is  formed — an  alkaline  reaction  is 
obtained.  Hence  many  chemists  (Berzelius)  even  regarded  the  salts 
of  composition  R2HPO4  as  normal,  and  considered  phosphoric  acid 
to  be  bibasic.  But  the  salt  ]Sra2HP04  also  shows  a  feeble  alkaline 
reaction,  so  that  it  is  impossible  to  judge  the  characteristic  peculiarities 
of  acids  by  the  reactions  on  litmus  paper,  as  we  already  know  from 
many  examples.  Orthophosphoric  acid  is  tribasic,  because  it  contains 
three  equivalents  of  hydrogen  replaceable  by  metals,  forming  salts, 
such  as  NaH2P04,  ]Sra2HP04,  andNa3P04.  It  is  also  tribasic,  because 
with  silver  nitrate  its  soluble  salts  always  give  Ag3P04/*  a  salt  with 
three  equivalents  of  silver,  and  because  by  double  decomposition  with 

14  bis  r^\iQ  difference  between  the  reactions  of  ortho-,  meta-  and  pyi'ophosphoric  acids, 
estabhshed  by  Graham  {see  p.  163),  is  of  such  importance  for  the  theory  of  hydrates  and 
for  explaining  the  nature  of  solutions,  that  in  my  opinion  its  influence  upon  chemical 
thought  has  been  far  from  exhausted,  At  the  present  time  many  such  instances  are 
known  both  in  organic  {for  instance,  the  difference  between  the  reactions  of  the  solutions 
of  certain  anhydrides  and  hydrates  of  acids),  and  inorganic  chemistry  (for  example,  the 
diSerence  between  the  rose  and  purple  cobalt  compounds.  Chapter  XXII.  &c.)  They 
essentially  recall  the  long  known  and  generalised  difference  between  C2H4  (ethylene), 
C2H8O  (ethyl  alcohol  =  ethylene  +  water),  and  C4H10O  (ethyl  ether  =  2  ethylene  +  water 
=  2  alcohol  —  water) ;  but  to  the  present  day  the  numerous  analogous  phenomena  exist- 
ing among  inorganic  substances  are  only  considered  as  a  simple  difference  in  degrees  of 
affinity,  distinguishing  the  water  of  constitution  (hydration),  crystallisation,  and  solution 
without  penetrating  into  the  difference  of  the  structure  or  distribution  of  the  elements, 
which  exists  here  and  gives  rise  to  a  distinct  isomerism  of  solutions.  In  my  opinion  the 
progress  of  chemistry,  especially  with  regard  to  solutions,  should  make  rapid  strides  when 
the  cause  of  the  isomerism  of  solutions,  for  instance,  of  ortho-  and  pyrophosphoric  acids, 
has  become  as  clear  to  us  as  the  cause  of  many  well-studied  instances  of  the  isomerism, 
polymerism,  and  metamerism  of  organic  compounds.  Here  it  forms  one  of  those  many 
important  problems  which  remain  for  the  chemistry  of  the  future  in  a  state  of  only 
indistinct  presentiments  and  in  the  form  of  facts  empirically  known  but  insufficiently 
comprehended. 

15  Silver  orthophosphate,  Ag3P04,  is  yellow,  sp.  gr.  V32,  and  insoluble  in  water. 
Wlien  heated  it  fuses  like  silver  cliloride,  and  if  kept  fused  for  some  length  of  time 
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barium  chloride  it  forms  a  salt  of  the  composition  Ba.j(P04)2,  and 
silver  and  barium  hardly  ever  give  basic  salts.  With  the  metals 
of  the  alkalis,  phosphoric  acid  forms  soluble  salts,  but  the  normal 
salts  of  the  metals  of  the  alkaline  earths,  Rg(P04)2  and  even 
R2H2(P04),  are  insoluble  in  water,  but  dissolve  in  feeble  acids,  such 
as  phosphoric  and  acetic,  because  they  then  form  soluble  acid  salts, 
especially  'RH,{VO,)^.'^ 

it  gives  a  white  pyrophosphate  (the  decomposition  which  causes  this  is  not  known). 
It  is  soluble  in  aqueous  solutions  of  phosphoric,  nitric,  and  even  acetic  acids,  of 
ammonia,  and  many  of  its  salts.  If  silver  nitrate  acts  on  a  dimetallic  ortho]mos- 
phate — for  instance,  Na2HP04 — it  still  gives  Ag3P04,  nitric  acid  being  disengaged : 
Na2lIP04  +  3AgN05  =  Ag3P04  +  2NaN05  +  HN03.  When  alcohol  is  added  to  silver 
orthophosphate,  Ag5P04,  dissolved  in  syrupy  phosphoric  acid,  it  precipitates  a 
white  salt  (the  alcohol  takes  up  the  free  phosphoric  acid)  having  the  composition 
Ag2HP04,  which  is  immediately  decomposed  by  water  into  the  normal  salt  and  phos- 
phoric acid. 

16  The  researches  of  Thomsen  showed  that  in  very  dilute  aqueous  solutions  the 
majority  of  monobasic  acids — nitric,  acetic,  hydrochloric,  &c.  (but  hydrofluoric  acid  more 
and  hydrocyanic  less) — HX  evolve  the  following  amounts  of  heat  (in  thousands  of  calories) 
with  caustic  soda;  NaHO  +  2HX  =  14;  NaH0  +  HX  =  14;  2NaHO  +  HX  =  14;  that  is,  if 
n  be  a  whole  number  7iNaH0-t-HX  =  14  and  NaHO  +  7iHX  =  14.  Hence  reaction  here  only 
takes  place  between  one  molecule  of  NaHO  and  one  molecule  of  acid,  and  the  remaining 
quantity  of  acid  or  alkali  does  not  enter  into  the  reaction.  In  the  case  of  bibasic  acids, 
H2II"  (sulphuric,  dithionic,  oxalic,  sulphuretted  hydrogen,  &c,),  NaHO-t-2H2R"  =  14  ; 
NaHO  +  H2B"  =  14;  2NaHO  +  H2R"  =  28;  MNaHO  +  H2E"  =  28  ;  that  is,  with  an  excess  of 
acid  (NaHO  +  2H'2R")  14  thousand  units  of  heat  are  developed,  and  with  an  excess  of  alkali 
28.  When  phosphoric  acid  is  taken  (but  not  all  tribasic  acids — for  instance,  not  citric)  the 
general  character  of  the  phenomenon  is  similar  to  the  preceding,  namely,  NaHO  4-  2H5PO4 
=  14-7  ;  NaHO  +  H5PO4  =  14-8;  2NaH0  +  H5PO4  =  27-1 ;  SNaHO  +H5PO4  =  34-0; 
6NaH0  +  H3PO4  =  35'3  ;  or,  in  general  terms,  NaHO  +  nH^'POi  =  14  (approximately)  and 
nNaHO  +  H3P04  =  85  and  not  42,  which  shows  a  peculiarity  of  phosphoric  acid.  In  the 
case  of  energetic  acids,  when  one  equivalent  (23  grams)  of  sodimn  (in  the  form  of 
hydroxide)  replaces  one  equivalent  (1  gram)  of  hydrogen  (with  the  formation  of  water 
and  in  dilute  solutions),  14,000  heat  units  are  evolved  ;  and  this  is  true  for  phosphoric 
acid  when  in  H3PO4,  Na  or  Naj  replaces  H  or  H2,  but  when  Nas  replaces  H3  less  heat  is 
developed.  This  will  be  seen  from  the  following  scheme  based  on  the  preceding 
figures:  H5P04  +  NaHO  =  14-8;  NaH2P04  +  NaHO  =  12-3;  NajHPOi  +  NaHO  =  5-9; 
with  Na3P04  +  NaHO,  a  very  small  amount  of  heat  is  evolved,  as  may  be  judged  from 
thefact  that  NajPOi-F  SNaHO  =  1-3,  but  still  heat  is  evolved.  It  must  be  supposed 
that  in  acting  on  phosphoric  acid  in  the  presence  of  a  large  quantity  of  water,  a  certain 
portion  of  the  sodium  hydroxide  remains  as  alkali  uncombined  with  the  acid.  Thus,  on 
increasing  the  mass  of  the  alkah,  heat  is  still  e-iolved,  and  a  fresh  interchange  between 
Na  and  H  takes  place.  Hence  water  shows  a  decomposing  action  on  the  alkali  phosphates. 
The  same  decomposing  action  of  water  is  seen,  but  to  a  less  extent,  with  Na2HP04,  as 
may  be  judged  both  from  the  reactions  of  this  salt  and  from  the  anioimt  of  heat 
developed  by  NaH2P04  with  NaHO.  Such  an  explanation  is  in  accordance  with  many 
facts  concerning  the  decomposition  of  salts  by  water  already  known  to  us.  Recent 
researches  made  by  Berthelot  and  Longuinine  have  confirmed  the  above  deductions  made 
by  me  in  the  first  edition  (1871)  of  this  work.  At  the  present  time  views  of  this  nature  are 
somewhat  generally  accepted,  although  they  are  not  sufficiently  strictly  applied  in  other 
cases.  As  regards  PH3O4  it  may  be  .said  that ;  on  the  substitution  of  the  first  hydrogen 
this  acid  acts  as  a  powerful  acid  (like  HCl,  HNO3,  H2SO4) ;  on  the  substitution  of  the 
second  hydrogen  as  a  weaker  acid  (like  an  organic  acid) ;  and  on  the  substitution  of 
the  third,  as  an  alcohol,  for  instance  phenol,  having  the  properties  of  a  feeble  acid. 
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Phosphoric  anhydride,  or  any  of  its  hydrates,  when  ignited  with  an 
excess  of  sodium  hydroxide,  carbonate,  &c.,  forms  normal  or  trisodium 
orthophosphate,  NagPO^,  but  when  a  solution  of  sodium  carbonate  is 
decomposed  by  orthophosphoric  acid,  only  the  salt  Na2HP04  is 
formed ;  and  when  an  excess  of  sodium  chloride  is  ignited  with 
orthophosphoric  acid,  hydrochloric  acid  is  evolved,  and  the  acid  salt 
HjNaPOj  alone  is  formed.  These  facts  clearly  indicate  the  small 
energy  of  phosphoric  acid  with  respect  to  the  formation  of  the  tri- 
metallic  salt,  which  is  seen  further  from  the  fact  that  the  salt  Na3P04 
has  an  alkaline  reaction,  decomposes  in  the  presence  of  water  and  car- 
bonic acid,  forming  Na2HP04,  corrodes  glass  vessels  in  which  it  is 
boiled  or  e\'aporated,  just  like  solutions  of  the  alkalis,  disengages,  like 
them,  ammonia  from  ammonium  chloride,  and  crystallises  from  solu- 
tions, as  Na3P04,12H20,  only  in  the  presence  of  an  excess  of  alkali. 
At  15°  the  crystals  of  this  salt  require  five  parts  of  water  for  solution  ; 
they  fuse  at  77°. 

Disodium  orthophosphate,  or  common  sodium  phosphate,  Na2HP04, 
is  more  stable  both  in  solution  and  in  the  solid  state.  As  it  is  used  in 
medicine  and  in  dyeing,  it  is  prepared  in  considerable  quantities,  most 
frequently  from  the  impure  phosphoric  acid  obtained  by  the  action  of 
sulphuric  acid  on  bone  ash.  The  solution  thus  formed — which  contains, 
besides  phosphoric  and  sulphuric  acids,  salts  of  sodium,  calcium,  and 
magnesium — is  heated,  and  sodium  carbonate  added  so  long  as  car- 
bonic anhydride  is  disengaged.  A  precipitate  is  formed  containing  the 
insoluble  salts  of  magnesium  and  calcium,  whilst  the  solution  contains 
sodium  phosphate,  ]S'a2HP04,  with  a  small  quantity  of  other  salts,  from 
which  it  may  be  easily  purified  by  crystallisation.  At  the  ordinary 
temperature  its  solutions,  especially  in  the  presence  of  a  small  amount 
of  sodium  carbonate,  give  finely-formed  inclined  prismatic  crystals, 
Na2HP04,12H20  ;  when  the  crystallisation  takes  place  above  30° 
they  only  contain  THgO.  The  former  crystals  even  lose  a  portion  of 
their  water  of  crystallisation  at  the  ordinary  temperature  (the  salt 
efiloresces),  and  form  the  second  salt  with  THjO  ;  whilst  under  the 
receiver  of  an  air-pump  and  over  sulphuric  acid  they  also  part  with 
this  water. '^  When  ignited  they  lose  the  last  molecule  of  water  of 
constitution,  and  give  sodium  pyrophosphate,  Na4P20j. 

"  NaaHPOijiaBjO  has  a  sp.  gr.  1-53.  Poggiale  determined  the  solubiUty  in  100 
parts  of  water  (1)  of  the  anhydrous  ortho-salt  Xa^HP04,  ^^^  (2)  of  the  corresponding 
pyro-salt  Na4P207 : — 

0'"  20°  40''  80°         100° 

I.  1-5  11-1  30'9  81  108 

n.  3-2  6-2  13-.5  30  40 

At  temperatures  of  20°  to  100'  the  ortho-salt  is  so   very  much  less  soluble  that  this 
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Monosodium  orthophosphate,  NaHgPOj,  crystallises  with  one 
equivalent  of  water  ;  its  solution  has  an  acid  reaction.  At  100°  the 
salt  only  loses  this  water  of  crystallisation,  and  at  about  200°  it  parts 
with  all  its  water,  forming  the  metaphosphate  NaPOy.  It  is  pre- 
pared from  ordinary  sodium  phosphate  by  adding  phosphoric  acid 
until  the  solution  does  not  give  a  precipitate  with  barium  chloride,  and 
then  evaporating  and  crystallising  the  solution.  The  solution  of  this 
salt  does  not  absorb  carbonic  anhydride,  and  does  not  give  a  precipitate 
with  salts  of  calcium,  barium,  &c.^^ 

■difference  alone  already  indicates  the  deeply-seated  alteration  in  constitution  which  takes 
;^lace  in  the  passage  from,  the  ortho-  to  the  pyro-salts. 

18  The  ammonium  orthophosphates  resemble  the  sodium  salts  in  many  respects,  but 
the  instability  of  the  di-  and  tri-metallic  salts  is  seen  in  them  still  more  clearly  than  in 
"the  sodium  salts;  thus  (NH4)3P04,  and  even  (NH4).2HP04,  lose  ammonia  in  the  air 
(especially  when  heated,  even  in  solutions) ;  NH4H2PO4  alonedoes  not  disengage  annnonia 
and  has  an  acid  reaction.  The  crystals  of  the  first  salt  contain  SHqO,  and  are  only 
formed  in  the  presence  of  an  excess  of  ammonia ;  both  the  others  are  anhydrous,  and 
may  be  obtained  like  the  sodium  salts.  When  ignited  these  salts  leave  metaphosphoric 
acid  behind;  for  example,  (NH4).2HP04  =  2NH3  =|:  H0O  +  HPO3.  Ammonia  also  enters 
into  the  composition  of  many  double  phosphates.  Ammonium  sodium  orthophosphate, 
or  simply  phosphate,  NH4NaHP04,4H20,  crystallises  in  large  transparent  crystals  from 
a  mixtiu:e  of  the  solutions  of  disodium  phosphate  and  ammonium  cliloride  (in  which 
case  sodium  chloride  is  obtained  in  the  mother  liquid),  or,  better  still,  from  a  solution  of 
monosodium  phosphate  saturated  with  ammonia.  It  is  also  formed  from  the  phosphates 
in  urine  when  it  ferments.  This  salt  is  frequently  used  in  testing  metallic  compounds 
by  the  blow-pipe,  because  when  ignited  it  leaves  a  vitreous  metaphosphate,  NaPOg, 
which,  like  borax,  dissolves  metallic  oxides,  forming  characteristic  tinted  glasses. 

When  a  solution  of  trisodium  phosphate  is  added  to  a  solution  of  a  magnesium  salt  it 
gives  a  wliite  precipitate  of  the  normal  orthophosphate  Mg2(P04)2,7Ho0.  If  the  tri- 
sodirnn  salt  be  replaced  by  the  ordinary  salt,  NaoHPO^,  a  precipitate  is  also  formed,  and 
MgHP04,7H20  is  obtained.  It  might  be  thought  that  the  normal  salt  Mg3(P04)2  would 
be  precipitated  if  disodium  phosphate  was  added  to  ammonia  and  a  salt  of  magnesium,  but 
in  reality  ammonium  magnesiuTn  orthophosphate,  MgNH4P04,6H20,  is  precipitated  as 
a  crystalline  powder,  which  loses  ammonia  and  water  when  ignited,  and  gives  a  pyro- 
phosphate, MggPaOY.  This  salt  occurs  in  nature  as  the  mineral  struvite,  and  in  various 
products  of  the  changes  of  animal  matter.  If  we  consider  that  the  above  salt  parts  with 
ammonia  with  difi&culty,  and  that  the  corresponding  salt  of  sodium  is  not  formed  under 
the  same  conditions  (MgNaP04,9H20  is  obtained  by  the  action  of  magnesia  on  disodium 
phosphate),  if  we  turn  our  attention  to  the  fact  that  the  salts  of  calcium  and  barium  do 
not  form  double  salts  as  easily  as  magnesium,  and  remember  that  the  salts  of  mag- 
nesium in  general  easily  form  double  ammonium  salts,  we  are  led  to  think  that  this 
salt  is  not  really  a  normal,  but  an  acid  salt,  corresponding  with  Na2HP04,  in:  wliicli  Nag 
is  replaced  by  the  equivalent  group  NHsMg. 

The  common  normal  calciutn  phosphate,  Ca5(P04)25  occurs  in  minerals,  in  animals, 
especially  in  bones,  and  also  probably  in  plants,  although  the  ash  of  many  portions  of 
plants,  as  a  rule,  contains  less  lime  than  the  formation  of  the  normal  salt  requires.  Thus 
100  parts  of  the  ash  (from  5,000  parts  of  grain)  of  rye  grain  contain  47*5  of  phosphoric 
anhydride  and  only  2-7  of  lime,  and  even  the  ash  of  the  whole  of  the  rye  (including  the 
straw)  contains  twice  as  much  phosphoric  anhydride  as  lime,  and  the  normal  salt  contains 
almost  equal  weights  of  these  substances.  Only  the  ash  of  grasses,  and  especially  of 
clover,  and  of  trees,  contains  in  the  majority  of  cases  more  lime  than  is  required  for  the 
formation  of  CagPaOs.     This  salt,  which  is  insoluble  in  water,  dissolves  even  in  such 
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As  a  hydrate,  orthophosphoric  acid  should  be  expressed,  after  the- 
fashion  of  other  hydrates,  as  containing  three  water  residues  (hydroxyl- 
groups),  i.e.  as  P0(0H)3.  This  method  of  expression  indicates  that 
the  type  PX5,  seen  in  PH4I,  is  here  preserved,  with  the  substitu- 
tion of  X2  by  oxygen  and  X3  by  three  hydroxy  1  groups.  The  same 
type  appears  in  POCI3,  PCI5,  Pr5,  &c.  And  if  we  recognise  phos- 
phoric acid  as  P0(0H)3,  we  should  expect  to  find  three  anhydrides 
corresponding  with  it  :  (1)  [PO(OH)2]20,  in  which  two  of  the  three 
hydroxyls  are  preserved  ;  this  is  pyrophosphoric  acid,  H4P2O7.  (2) 
PO(OH)0,  where  only  one  hydroxyl  is  preserved.  This  is  metaphos- 
phoric  acid.  (3)  (PO)203  or  P2O5,  that  is,  perfect  phosphoric  anhydride.. 
Therefore,  pyro-  and  meta-phosphoric  acids  are  imperfect  anhydrides  [ov 
anhydro-acids)  of  orthophosphoric  acid.^^ 

feeble  acids  as  acetic  and  sulpliurous,  and  even  in  water  containing  carbonic  acid.  The^ 
latter  fact  is  of  immense  importance  in  nature,  since  by  reason  of  it  rain  water  is  able  to 
transfer  the  calcium  phosphates  in  the  soil  into  solutions  which  are  absorbed  by  plants.. 
The  solubility  of  the  normal  salt  in  acids  takes  place  by  virtue  of  the  formation  of  an 
acid  salt,  which  is  evident  from  the  quantity  of  acid  required  for  its  solution,  and  more 
especially  froni  the  fact  that  the  acid  solutions  when  evaporated  give  crystalline  scales 
of  the  acid  calcimn  phosphate,  CaH4(P04)2,  soluble  in  water.  This  solubility  of  the  acid 
salt  forms  the  basis  of  the  treatment  by  acids  of  bones,  phosphorites,  guano,  and  other- 
natural  products  containing  the  normal  salt  and  employed  for  fertilising  the  soil.  The- 
perfect  decomposition  requires  at  least  2H|jS0.4  to  Ca3(P04)2,  but  in  reality  less  is  taken, 
so  that  only  a  portion  of  the  normal  salt  is  converted  into  the  acid  salt.  Hydrochloric 
acid  is  sometimes  used.  (In  practice  such  mixtures  are  known  as  superjphosphates)^ 
Certain  experiments,  however,  show  that  a  thorough  grinding,  the  presence  of  organic,  and 
especially  of  nitrogenous,  substances,  and  the  porous  structure  of  some  calcium  phosphates 
(for  example,  in  burnt  bones),  render  the  treatment  of  phosphoric  manures  by  acids  super- 
fluous— that  is,  the  crop  is  not  improved  by  it. 

'^  In  this  sense  the  ortho-acid  itself  might  be  regarded  as  an  anhydro-acid,  counting 
P(HO)5  as  the  perfect  hydrate,  if  PH5  existed ;  but  as  in  general  the  normal  hydrates 
correspond  with  the  existing  hydrogen  compounds  with  the  addition  of  up  to  4  atoms  of 
oxygen,  therefore  PH3O4  is  the  normal  acid,  just  as  SH2O4  and  CIHO4 ;  while  NHO5, 
CH2O3  are  meta-acids,  or  higher  noi-mal  acids  (NH3O4  and  CH4O4)  with  the  loss  of  a 
molecule  of  water. 

In  order  to  see  the  relation  between  the  ortho-,  pyro-,  and  meta-phosphoric  acids,  the 
first  thing  to  remark  in  them  is  that  the  anhydride  PjOj  is  combined  with  3,  2,  and  1 
molecules  of  water.  In  the  absence  of  data  for  the  molecular  weight  of  ortho-  and  pyro- 
phosphoric acids  it  is  necessary  to  mention  that  all  existing  data  for  meta-phosphoric  acid 
indicate  (Note  21)  that  its  molecule  is  much  more  complex  and  contains  at  least  H3P3O9. 
or  HgPeOig.  The  explanation  of  the  problems  which  here  present  themselves  can,  it  seems- 
to  me,  be  only  looked  for  after  a  detailed  study  of  the  phenomena  of  the  polymerisations^ 
of  mineral  substances,  and  of  those  complex  acids,  such  as  phosphomolybdic,  wliich  we 
shall  hereafter  describe  (Chapter  XXI.)  A  similar  instance  is  exhibited  in  the  solubihty 
of  hydrate  of  silica  (produced  by  the  action  of  silicon  fluoride  on  water)  in  fused  meta- 
phosphoric  acid,  with  the  formation,  on  cooling,  of  an  octahedral  compound  (sp.  gr.,  S'l)' 
containing  Si02,P205.  A  certain  indication  (but  no  proof)  that  ordinary  orthophos- 
phoric acid  is  polymerised  is  given  by  Staudenmaier  (1898),  who  obtained  a  salt, 
K5H4P3O12,  by  the  action  of  a  solution  of  KH2PO4  upon  K^COs ;  and  a  compound,. 
KH5P2O8,  corresponding  to  the  doubled  molecule  of  H3PO4,  by  the  action  of  KH^PO,. 
upon  H3PO4  itseU. 
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Pyropliosphoric  acid,  ^^^0-j,  is  formed  by  heating  orthophos- 
phoric  acid  to  250°  when  it  loses  water. '^^'^  Its  normal  salts  are 
formed  by  igniting  the  dimetallic  salts  of  orthophosphoric  acid  of 
the  types  HM2PO4.  Thus  from  the  disodium  salt  we  obtain  sodium 
pyrophosphate,  Na4P207  (it  crystallises  from  water  with  lOHjO,  is 
very  stable,  fuses  when  heated,  has  an  alkaline  reaction,  and  does  not 
form  ortho-salts  when  its  solution  is  boiled) ;  and  from  the  mono- 
sodium  salt  NaH2P04  the  acid  salt  Na^HoPjO;  (easily  soluble  in 
water)  is  formed  ;  this  has  an  acid  reaction,  and  when  ignited  further 
gives  the  meta-salt.^" 

Metaphosphoric  acid,  HPO3  (the  analogue  of  nitric  acid),  is  formed 
by  the  ignition  of  the  pyro-  and  ortho-acids  (or,  better,  of  their 
ammonium  salts),  as  a  vitreous,  hygroscopic,  fused  mass  (glacial  phos- 
phoric acid,  acidum  phosphoricum  glaciale),  soluble  in  water  and 
volatilising  without  decomposition.  It  is  also  formed  in  the  first 
slow  action  of  cold  water  on  the  anhydride,  but  metaphosphoric  acid 
gradually  changes  into  the  ortho-acid  when  its  solution  is  boiled,  or 
when  it  is  kept  for  any  length  of  time,  especially  in  the  presence  of 
acids.^^ 

19  bis  According  to  Watson  (1893)  the  ortho-acid  is  partially  transformed  into  the 
pyro-acid  at  230°,  whilst  at  260°  the  latter  begins  to  volatilise.  At  300°  the  meta-acid 
only  is  formed. 

2"  The  method  of  preparation  of  the  acid  itself  consists  in  converting  the  sodium  salt, 
Na4P207,  by  double  decomposition  with  water  and  a  salt  of  lead,  into  insoluble  lead 
pyrophosphate,  Pb2P207)  which  is  then  suspended  in  water  and  decomposed  by  sulphur- 
etted hydrogen ;  lead  sulphide  is  thus  precipitated,  and  pyropliosphoric  acid  remains  in 
solution.  This  solution  cannot  be  heated,  or  the  pyro-acid  will  pass  into  the  ortho-,  but 
must  be  evaporated  under  the  receiver  of  an  air-pump.  It  concentrates  to  a  syrup  and 
crystallises,  and  when  ignited  in  this  form  loses  water,  and  forms  metaphosphoric  acid. 
It  resembles  orthophosphoric  acid  in  many  respects  ;  its  salts  with  the  alkalis  are  also 
soluble,  and  the  others  insoluble  in  water  but  soluble  in  acids.  "When  heated  in  solution 
with  acid  it  gives  orthophosphoric  acid,  as  well  as  when  fused  with  an  excess  of  alkali. 

Witt  heated  anmionium  chloride  with  phosphoric  acid  (hydrochloric  acid  was  evolved), 
ignited  the  residue  to  drive  off  ammonia,  and  obtained  pyrophosphoric  acid  in  the 
residue. 

-^  As  when  using  phenolphthalein  as  an  indicator  in  neutralising  by  an  alkali  meta- 
phosphoric acid  is  monobasic,  and  orthophosphoric  acid  is  bibasic,  it  is  possible  by  means 
of  this  difference  to  follow  the  transition  of  meta-  into  ortho-phosphoric  acid.  Sabatiei* 
(1888)  carried  on  an  investigation  of  this  nature,  and  found  that  the  rate  of  transfoi-ma- 
tion  is  dependent  on  the  temperature,  and  is  subject  to  the  general  laws  of  the  rate  of 
chemical  transformations  which  belongs  to  physical  chemistry. 

Metaphosphoric  acid  has  a  particular  interest  in  respect  to  the  variations  to  which 
its  salts  are  subject.  The  metaphosphates  are  formed  by  the  ignition  of  the  acid  ortho- 
phosphates,  MH2PO4,  or  MNH4HPO4,  or  of  the  acid  pyrophosphates,  MjHjPuG,,  or 
M2(NH4)2P207,  water  and  ammonia  being  given  oil  in  the  process.  The  properties  of  the 
metaphosphates,  which  have  a  similar  composition  to  nitrates — for  instance,  NaP05,  or 
Ba(P0g)3 — vary  according  to  the  duration  of  the  ignition  to  which  the  ortho-,  or  pyro- 
phosphates from  which  they  are  prepared  have  been  subjected.  When  the  salts  NaHjPOj 
or  NH4NaHP04  are  strongly  ignited,  a  salt  NaPO^  is  formed,  which  deliquesces  in  the 
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In  order  to  see  the  relation  between  phosphoric  acid  and  the  lower 
^cids    of   phosphorus,    it   is    simplest   to  imagine   the  substitution  of 

air,  and  gives  a  gelatinous  precipitate  with  salts  of  the  alkaline  earths.  But,  as  Graham 
(in  1830-40),  and  many  others,  especially  Fleitmann  and  Henneberg  (in  1840-50),  and 
Tamman  {in  the  nineties),  obser\-ed,  under  other  conditions  the  salts  of  the  same  com- 
position acquire  other  properties.  The  above  chemists  recognise  five  polymeric  forms  of 
metaphosphates,  (HPO-)„.  "We  will  follow  the  nomenclature  and  researches  of  Fleit- 
mann. 

Monovietaphosphoric  add.  The  salts  are  distinguished  for  their  insolubility  in 
water;  even  the  salts  NaPOg,  ICPO3,  are  insoluble.  They  are  obtained  by  igniting  the 
monometallic  orthophosphates — for  example,  RH2PO4 — up  to  the  temperature  at  which 
all  water  is  evolved  (316°),  but  not  to  fusion.    No  double  salts  are  known. 

Di/metaphosphoric  acid,  on  the  contrary,  easily  forms  double  salts — for  example, 
KNaPgOe,  and  also  the  copper  potassium  salt,  &e.  The  copper  salt  is  obtained  by  evapo- 
rating a  solution  of  copper  oxide  in  orthophosphoric  acid.  A  blue  ortho-salt,  CURHO4, 
first  separates  from  the  solution,  then  a  light-blue  pyro-salt,  Cu2Pi07  ;  and  above  350°, 
when  metaphosphoric  acid  itself  begins  to  volatihse,  the  dimetaphosphate,  CuP20e,  is 
formed.  The  residue  is  washed  with  water,  and  decomposed  with  a  hot  solution  of  sodium 
sulphide,  when  the  sodiiim  salt,  Na^PgOfi,  is  obtained  in  solution.  This  salt,  when  evapo- 
rated with  alcohol,  gives  crystals  containing  2  mol.  HgO,  which,  however,  retain  their 
solubility  (in  7  parts  of  water)  after  the  water  is  driven  off  at  100°.  When  fused,  these 
crystals  give  a  deliquescent  salt  (hexa-metaphosphate).  The  solution  of  the  salt  has  a 
neutral  reaction,  which  only  after  prolonged  boiling  becomes  acid,  owing  to  the  forma- 
tion of  orthophosphate,  NaH2P04.  The  soluble  salts  of  dimetaphosphoric  acid  give  the 
insoluble  silver  salt,  AgaPQOg,  with  silver  nitrate,  and  a,  precipitate  of  BaP20G2H20 
with  barimn  chloride. 

Trimetaphosplioric  acid  is  obtained  as  the  sodium  salt  NasP^Og  when  any  other 
metaphosphate  of  sodimn  is  fused  and  slowly  cooled,  then  dissolved  in  a  slight  excess 
of  warm  water,  and  the  resultant  solution  evaporated.  The  crystals  contain  6  mol.  H2O, 
and  dissolve  in  four  parts  of  water.  An  acid  reaction  is  only  obtained,  as  with  the  pre- 
ceding salt,  after  prolonged  boiling  with  water.  The  acid  is  a,  true  analogue  of  nitric 
acid,  because  all  its  metallic  salts  are  soluble. 

SexametaphosphoHc  acid.  Fleitmann  so  named  the  ordinary  metaphosphoric  acid 
(glacial)  which  attracts  moisture.  The  dehquescent  sodium  salt  is  obtained,  like  the  tri- 
metaphosphate,  only  by  rapid  cooling.  It  is  also  formed  by  fusing  silver  oxide  with 
an  excess  of  phosphoric  acid.  The  sodium  salt  is  soluble  in  water,  and  gives  viscous, 
elastic  precipitates  with  salts  of  Ba,  Ca,  and  Mg.  Lubert  (1893)  obtained  salts  of  Ag, 
Pb,  &c. 

Jawein  and  Thillot  (1889),  who  investigated  the  sodium  salts  of  metaphosphoric  acid 
by  Raoult's  method,  came  to  the  conclusion  that  the  salts  of  di-  and  tri-metaphosphoric 
acid  behave  in  such  a  manner  that  their  molecule  must  be  represented  as  non-polymerised 
NaPOs,  whilst  those  of  hexametaphosphoric  acid  behave  as  (NaP03)4.  At  all  events, 
the  series  of  salts  which  Fleitmann  and  Henneberg  regard  as  monometaphosphates — i.e. 
.as  non-polymerised — are  most  probably  the  most  polymerised,  because  they  are  in- 
soluble. 

According  to  Tamman's  researches,  vitreous  metaphosphoric  acid  contains  a  mixture 
consisting  chiefly  of  two  varieties,  differing  in  the  solubility  and  degree  of  stability  of 
their  salts.  The  least  stable  corresponds  to  Fleitmann's  hexa-acid,  and  gives  three 
isomeric  salts.  Tamman  came  to  the  conclusion  that  there  exist  polymers  also  in  the 
form  of  penta-,  oi-tho-,  and  deca-metaphosphoric  acids.  Without  going  into  details  upon 
this  subject,  I  do  not  think  it  superfluous  to  point  out  that  the  undoubted  capability  of 
metaphosphoric  acid  to  polymerise  should  be  connected  with  its  faculty  of  combining 
with  water,  whilst  the  degree  of  polymerisation  and  the  number  of  polymeric  forms 
cannot  yet  be  considered  as  sufficiently  explained. 
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hydroxy!  in  H3PO4  or  P0(0H)3  by  hydrogen.  Then  from  ortho- 
phosphoric  acidj  PC)  (0H)3j  we  shall  obtain  phosphorous  acid,  POH(OH).,, 
and  hypophosphorous  acid,  POH(OH)  ;  and,  furthermore,  phosphorous 
acid  should  be  bibasic  if  orthophosphoric  acid  was  tribasic,  and 
hypophosphorous  acid  should  be  monobasic.  This  conclusion  ^^  ^^^  is, 
in  fact,  true,  and  hence  all  the  acids  of  phosphorus  may  be  referred 
to  one  common  type,  PX,^,  whose  representatives  are  PH^I  and 
PCl,,POCl„PCl2F3,  &c. 

Phosphoroits  acid,  PHgO,^,  is  generally  obtained  from  phosphorus 
trichloride,  PCI3,  by  the  action  of  water  :  PCI3  +  SHgO  =  3HC1 
+  PH3O3.  Both  acids' formed  are  soluble  in  water,  but  are  easily 
separated,  because  hydrochloric  acid  is  volatile  whilst  phosphorous 
acid  volatilises  with  difficulty,  and  if  a  small  amount  of  water  be 
originally  taken  the  hydrochloric  acid  nearly  all  passes  off  directly. 
Concentrated  solutions  of  phosphorous  acid  give  crystals  of  II3PO3, 
which  fuse  at  70°,  attract  moisture  from  the  air,  and  deliquesce  when 
ignited,  giving  phosphine  and  phosphoric  acid,--  and  are  oxidised  into 

I'lbis  gijie  bibasity  of  H5PO5,  establisbed  by  Wlirtz,  has  been  proved  by  many  direct 
experiments  (see,  for  instance,  Note  22),  among  which  we  may  m.ention  that  Amat  (1892) 
took  a  mixture  of  the  aqueous  solutions  of  Na2HPO;5  and  NaHO  and  added  absolute 
alcohol  to  it.  Two  layers  were  formed ;  the  upper,  alcoholic,  contained  all  the  excess 
of  NaHO,  whilst  the  lower  only  contained  the  salt  Na2HP05,  which  was  therefore  unable 
to  react  with  the  excess  of  NaHO.  Amat  also  obtained  NaH.jPOs  by  saturating  H3PO5 
with  soda  until  he  obtained  a  neutral  reaction  with  methyl-orange.  The  replacement 
of  one  atom  of  H  by  sodium  here,  as  in  phosphoric  acid  (Note  16),  gives  more  heat  than 
the  replacement  of  the  second  atom.  For  the  third  atom  there  is  no  formation  of  a  salt, 
and  therefore  no  evolution  of  heat.  The  monometallic  salts — for  example,  NaHaPOg — or 
the  ammonia  salts,  when  heated  to  160°,  give,  as  Amat  had  previously  shown,  a  salt 
of  bibasic  pyrophosphorous  acid,  Na2H2Po05. 

^^  Phosphorous  acid,  when  subjected  to  the  action  of  nascent  hydrogen  (zinc  and  sul- 
phuric acid),  evolves  phosphine,  and  when  boiled  with  an  excess  of  alkali  it  evolves 
hydrogen  (PH305-i-3KH0  =  PK504-l-2H20  +  H2);  owing  to  its  liability  to  oxidation,  it  is 
a  reducing  agent — for  instance,  it  reduces  cupric  chloride  to  cuprous  chloride,  and  pre- 
cipitates silver  from  the  nitrate  and  mercury  from  its  salts. 

These  reactions  ar'e  perhaps  connected  with  the  fact  that  in  this  acid  one  atom  of 
hydrogen  should  be  considered  as  in  the  same  condition  as  in  phosphuretted  hydrogen, 
which  is  expressed  by  the  formula  PH0(0H)2,  if  we  represent  it  as  PH4X,  with  the  sub- 
stitution of  two  of  the  hydrogen  atoms  by  oxygen  and  of  HX  by  two  of  hydroxyl.  The 
direct  passage  of  phosphorous  chloride  into  phosphorous  acid  would,  however,  indicate 
that  all  the  three  atoms  of  hydrogen  in  it  occur  in  the  form  of  hydroxyl,  because  no 
difference  is  known  between  the  three  atoms  of  chlorine  in  PCI3 — they  all  react  alike,  as 
a  rule.  However,  Menschutkin,  by  acting  on  alcohol,  C2H5OH,  with  phosphorous  chloride, 
obtained  hydrochloric  acid  and  a  substance  P(C2H50)Cl2,  and  from  it  by  the  action  of 
bromine  he  obtained  ethyl  bromide,  C^HgBr,  and  a  compound  PBrOCU,  which  proves, 
to  a  certain  extent,  the  existence  of  a  difference  between  the  three  atoms  of  clilorine  in 
phosphorous  chloride.  If  we  turn  our  attention  to  the  formation  of  phosphine  by  the 
ignition  of  phosphorous  acid,  we  see  that  4PH3O5  only  evolve  3H  in  the  form  of  PH^;, 
and  therefore  the  residue — that  is,  3PH5O4 — will  still  contain  one  hydrogen  of  the 
Same  nature  as  in  phosphine,  because  in  4PH5O5  we  should  recognise  four  such  hydro- 
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orthophosphoric  acid  by  many  oxidising  agents.  In  its  salts  only  two 
hydrogen  atoms  are  replaced  by  metals  (Wiirtz)  ;  the  salts  of  the 
alkaline  metals  are  soluble,  and  give  precipitates  with  salts  of  the 
majority  of  other  metals. 

The  monobasic  hypophosphorous  acid,  PH3O2,  gives  salts  PHjOjNa, 
(PH202)2Ba,  &c.  ;  the  two  remaining  atoms  of  hydrogen  (which 
exist  in  the  same  form  as  in  phosphine,  PH3)  are  not  replaceable  by 
metals,  and  this  determines  the  property  of  these  salts  of  evolving 
phosphuretted  hydrogen  when  heated  (especially  with  alkalis).  In 
acting  on  substances  liable  to  reduction  it  is  this  hydrogen  which  acts, 
and,  for  example,  reduces  gold  and  mercury  from  the  solutions  of 
their  salts,  or  converts  cupric  into  cuprous  salts.  In  all  these  instances 
the  hypophosphorous  acid  is  converted  into  phosphoric  acid.  Under 
the  action  of  zinc  and  sulphuric  acid  it  gives  phosphine,  PHj.  Never- 
theless, neither  hypoposphorous  acid  nor  its  dry  salts  absorb  oxygen 
from  the  air.  The  salts  of  hypophosphorous  acid  are  more  soluble 
than  those  of  the  preceding  acids  of  phosphorus.  Thus  the  sodium 
salt  PNaH202  does  not  give  a  precipitate  with  barium  chloride,  and 
the  salts  of  calcium,  barium,  and  many  other  metals  are  soluble.^' 
The  hypophosphites  are  prepared  by  boiling  an  alkali  with  phosphorus 
so  long  as  phosphuretted  hydrogen  is  evolved.  The  acid  itself  is 
obtained  from  barium  hypophosphite  (prepared  in  the  same  manner  by 
boiling  phosphorus  in  baryta  water),  by  decomposing  its  solution  with 
sulphuric  acid.  By  concentration  of  the  solution  of  hypophosphorous 
acid  (it  must  not  be  heated  above  130°,  at  which  temperature  it 
decomposes)  a  syrup  is  formed  which  is  able  to  crystallise.  In  the 
solid  state  hypophosphorous  acid  fuses  at  +  17°,  and  has  the  properties 
of  a  clearly  defined  acid. 

The  types  PX3  and  PXj,  which  are  evident  for  the  hydrogen  and 
oxygen  compounds  of  phosphorus,  are  most  clearly  seen  in  its  halogen 
compounds,^''  to  the  consideration  of  which  we  will  proceed,   fixing 

gens  as  in  phosphine.  We  arrive  at  the  same  conclusion  by  examining  the  decomposition 
of  hypophosphorous  acid,  2VH.zO'^  =  'P'R^  +  VKTf):^.  In  the  two  molecules  of  the  mono- 
basic hypophosphorous  acid  taken,  there  are  only  two  atoms  of  hydrogen  replaceable  by 
metals,  whilst  in  the  molecule  of  the  resultant  phosphoric  acid  there  are  three.  Perhaps 
relations  of  this  nature  determine  the  relative  stability  of  the  di-metallic  salts  of  ortho- 
phosphoric  acid. 

2^  Calcium  hypophosphite  is  used  in  medicine.  According  to  Cavazzi,  a  mixture  of 
sodium  hypophosphite,  NaH^PO.j,  and  sodium  nitrate  explodes  violently. 

-*  Fluorine  and  bromine  give  PXj  and  PX5,  like  chlorine.  With  respect  to  iodine 
PI5  is,  in  ii  chemical  sense,  a  very  unstable  substance,  and  generally  phosphorus  tn- 
iodide  only  is  formed  (from  yellow  or  red  phosphorus  and  iodine  in  the  requisite  propor- 
tions). It  is  a  red  crystalline  substance,  fuses  at  55°,  is  easily  decomposed  by  water, 
forming  phosphorous  and  hydriodic  acids,  and  when  heated  it  evolves  iodine  vapours 
and  forms  phosphorus  di-iodide,  PIj.      This  substance  may  be  obtained  in  the  same 
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our  attention  more  especially  on  the  chlorine  compounds,  as  being 
the  most  important  from  the  historical,  theoretical,  and  practical  point 
of  view. 

Phosphorus  burns  in  chlorine,  forming  phosphorous  chloride,  PCI3, 
and  with  an  excess  of  chlorine,  phosphonc  chloride,  PC1-.  The 
oxychloride,  POCLj,  as  the  simplest  chloranhydride  according  to  the 
type  PX5,  and  also  phosphoric  chloride,  correspond  with  orthophos- 
phoric  acid,  P0(0H)3,  while  phosphorous  chloride,  PCI3,  corresponds 
with  phosphorous  acid  and  the  type  PX3,  Phosphoric  oxychloride, 
POCI3,  is  a  colourless  liquid,  boiling  at  110°.  Phosphorus  trichloride 
is  also  a  colourless  liquid,  boiling  at  76^,^^  whilst  phosphoric  chloride 

maimer  as  the  preceding  by  taking  a  smaller  proportion  of  iodine  (8  parts  of  iodine  to 
1  part  of  phosphoruSj  whilst  the  tri-iodide  requires  12'3) ;  it  also  forms  red  crystals,  which 
melt  at  110^.  When  decomposed  by  water  it  not  only  gives  phosphorous  and  hydriodic 
acids,  but  also  phosphine  and  a  yellow  substance  (a  lower  oxide  of  phosphorus).  In  its 
composition  di-iodide  of  phosphorus  corresponds  with  liquid  phosphuretted  hydrogen, 
PH2,  and  probably  its  molecular  weight  is  much  higher  :  P2I4  or  P5I6,  &c.  As  the  iodine 
compounds  of  phosphorus  give  hydriodic  and  phosphorous  acids  with  water,  and  as  both 
these  substances  are  reducing  agents  in  the  presence  of  water  (and  hydrates),  iodide  of 
phosphorus  also  acts  as  a  reducing  agent. 

25  In  a  liquid  state  the  density  of  phosphorous  chloride  at  10°  =  1'597,  and  therefore 
its  molecular  volume  =137'5/1"597  =  86"0,  and  that  of  phosphorus  oxychloride  is  equal  to 
153'5/1'693  =  90'7  ;  hence  the  addition  of  oxygen  has  produced  considerable  increase  in 
volume,  just  as  in  the  conversion  of  sulphur  dichloride,  SCI3,  into  sulphury^  chloride, 
SOCI2,  the  volume  changes  from  64  to  71.  It  is  the  same  with  the  boiling-points ;  phos- 
phorus trichloride  boils  at  70°,  the  oxychloride  at  100°,  sulphur  dichloride  at  64°,  and 
fiulphuryl  chloride  at  78° — that  is,  the  addition  of  oxygen  raises  the  boiling  points. 

The  vapour  deiisity  of  phosphorus  tricliloride  and  oxychloride  corresponds  with  their 
formula  {Cahours,  Wiirtz) — namely,  is  equal  to  half  the  molecular  weight  referred  to 
hydrogen.  But  it  is  not  so  with  phosphorus  pentachloride.  Cahours  showed  that  the 
vapour  density  of  phosphorus  pentachloride  referred  to  air  =  3*65,  to  hydrogen  =52*6, 
whilst  according  to  the  formula  PCI5  it  should  be  =104*2.  Hence  this  formula  corre- 
sponds with  four,  and  not  with  two,  molecules.  This  shows  that  the  vapour  of  phosphoric 
chloride  contains  two  and  not  one  molecule,  that  in  a  state  of  vapour  it  splits  up,  like 
sal-ammoniac,  sulphuric  acid,  &c.  The  products  of  disruption  must  here  be  phosphorous 
chloride,  PCI3,  and  chlorine,  CI2,  bodies  which  easily  re-form  phosphoric  chloride,  PCI5, 
at  a  lower  temperature.  This  decomposition  of  phosphoric  cliloride  in  its  conversion 
into  vapour  is  confirmed  by  the  fact  that  the  vapour  of  this  almost  colourless  substance 
shows  the  greenish-yellow  colour  proper  to  chlorine.  This  dissociation  of  phosphoric 
chloride  has  been  considered  by  some  chemists  as  a  sign  that  phosphorus,  like  nitrogen, 
■does  not  give  volatile  compounds  of  the  type  PX5,  and  that  such  substances  are  only 
•obtained  as  imstable  molecular  compounds  which  break  up  when  distilled  ;  for  example, 
PH3,HI,  PCl5,Cl2,  NHgjHCl,  &c.  To  prove  that  the  molecule  PCI5  actually  exists, 
Wiirtz  in  1870  observed  that  when  mixed  with  the  vapour  of  phosphorous  chloride  the 
vapour  of  phosphoric  chloride  distils  over  (from  160°  to  190°)  perfectly  colourless,  and 
has  a  density  which  is  really  near  to  the  formula — namely,  to  104 — and  the  same  density 
was  determined  for  the  pentachloride  in  an  atmosphere  of  chlorine.  Hence  at  low 
temperatures  and  in  admixture  with  one  of  the  products  of  dissociation,  there  is  no 
longer  that  decomposition  which  occurs  at  higher  temperatures — that  is,  we  have  here  a 
case  of  dissociation  proceeding  at  moderate  temperatures. 

An  important  proof  in  favour  of  the  type  PX5  is  exhibited  by  phosphorus  penta- 
iiuoride  PF5,  obtained  by  Thorpe  as  a  colourless  gas  which  only  corrodes  glass  after 
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is  a  solid  yellowish  substance,  which  volatilises  without  melting  at 
about  168°.  They  are  all  heavier  than  water,  and  form  types  of 
the  chlor anhydrides  or  chlorine  compounds  of  the  non-metallic  elements 
whose  hydrates  are  acids,  just  as  NaCl  or  BaClj  are  types  of  halogen 
metallic  salts. 

If  a  piece  of  phosphorus  be  dropped  into  a  flask  containing  chlorine, 
it  burns  when  touched  with  a  red-hot  wire,  and  combines  with  the 
chlorine.  Tf  the  phosphorus  be  in  excess,  liquid  phosphorus  tri- 
chloride, PCI3,  is  always  formed,  but  if  the  chlorine  be  in  excess  the 
solid  pentachloride  is  obtained.  The  trichloride  is  generally  pre- 
pared in  the  following  manner.  Dry  chlorine  (passed  through  a  series 
of  Woulfe's  bottles  containing  sulphuric  acid)  is  led  into  a  retort  con- 
taining sand  and  phosphorus.  The  retort  is  heated,  the  phosphorus 
melts,  spreads  through  the  sand,  and  gradually  forms  the  tri- 
chloride, which  distils  over  into  a  receiver,  where  it  condenses. 
Phosphoric  chloride  or  phosphorus  pentachloride,  PCI,,  is  prepared  by 
passing  dry  chlorine  into  a  vessel  containing  phosphorus  trichloride 
(purified  by  distillation).  Phosphorous  chloride  combines  directly  with 
oxygen,  but  more  rapidly  with  ozone  or  with  the  oxygen  of  potassium 
chlorate  (SPClj  -1-  KCIO3  =  3POCI3  +  KCl),  forming  phosplwrus  oxy- 
chloride,  POCI3  (Brodie).  This  compound  is  also  formed  by  the  first 
action  of  water  on  phosphoric  chloride  ;  for  example,  if  two  vessels, 
one  containing  phosphoric  chloride  and  the  other  water,  are  placed 
under  a  bell  jar,  after  a  certain  time  the  crystals  of  the  chloride 
disappear  and  hydrochloric  acid  passes  into  the  water.  The  aqueous 
vapour  acts  on  the  pentachloride,  and  the  following  reaction  occurs  : 
PCI5  -I-  H2O  =  POCI3  -I-  2HC1,  the  result  being  that  liquid  phosphorus 

the  lapse  of  time ;  ifc  may  be  kept  over  mercury,  and  has  a  normal  density.  It  is  formed 
when  liquid  arsenic  trifiuoride,  AsP.~,  is  added  to  phosphoric  chloride  surrounded  by  a 
freezing  mixture  :  3PCI5  +  5 AsFj  =  3PP5  +  5AsCl;. 

In  general,  fluorine  and  phosphorus  give  stable  compounds :  PF5,  POFg,  and  PF5, 
IS  would  be  expected  from  the  fact  that  in  passing  from  CI  to  I  [i.e.  as  the  atomic 
iveight  of  the  halogen  increases)  the  stability  of  the  compounds  with  P  and  the  tendency 
;o  give  PX5  (Note  24)  decreases.  Phosphorus  tri-fluoride  is  obtained  by  heating  a  mixture 
Df  ZnF2  and  PBrj,  by  the  action  of  AsF^  upon  PC1-,  by  heating  phosphide  of  copper 
ivith  PbFj,  &C.  It  is  a  strong-smelling  gas,  which  liquefies  at  — 10°  under  a  pressure 
Df  40  atmospheres,  giving  a  colourless  liquid.  It  dissolves  easily  in  (is  absorbed  by, 
reacts  with)  water,  and  acts  upon  glass;  when  mixed  with  Clj  it  combines  with  it 
'Poulenc,  1891),  forming  PCLF5,  a,  colourless  gas  of  normal  density,  which  is  trans- 
formed into  a  liquid  at  8°,  decomposes  into  PFs  -H  Clj  at  250°,  and,  with  a  small  amount 
jf  water,  gives  oxy-fluoride  of  phosphorus,  POF3  (with  a  large  amount  of  water  it  gives 
PH3O4),  which  Moissan  (1891)  obtained  by  the  action  of  dry  HF  upon  P2O5,  and  Thol^ 
md  Tutton  (1890)  by  heating  a  mixture  of  cryolite  and  P2O5.  It  is  a  gas  of  normal 
lensity,  like  PF3,  and  was  obtained  by  Moissan  by  the  action  of  fluorine  upon  PF3 
PSF5,  see  Chapter  XX.,  Note  20).  Thus  the  forms  PX^  andPXs  not  only  exist  in  many 
lolid  and  non- volatile  substances,  but  also  as  vapours.  • 
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oxychloride  is  found  in  one  vessel,  and  a  solution  of  hydrochloric  acid  in 
the  other.  However,  an  excess  of  water  directly  transforms  phosphoric 
chloride  into  orthophosphoric  acid,  PCI5  +  4H2O  =  PH3O,,  +  SHCl,^^ 
since  POCl-j  reacts  with  water  (SHjO),  forming  3HC1  and  phosphoric 
acid  P0(0H)3. 

The  above  chlorine  compounds  serve  not  only  as  a  type  of  the 
chloranhydrides,  but  also  as  a  means  for  the  preparation  of  other 
acid  chloranhydrides.  Thus  the  conversion  of  acids  XHO  into  chlor- 
anhydrides, XCl,  is  generally  accomplished  by  means  of  phosphorus 
pentacMoride.  This  fact  was  discovered  by  Chancel,  and  adopted  by 
Gerhardt  as  an  important  method  for  studying  organic  acids.  By  this 
means  organic  acids,  containing,  as  we  know,  RCOOH  (where  R  is  a 
hydrocarbon  group,  and  where  carboxyl  may  repeat  itself  several,  times 
by  replacing  the  hydrogen  of  hydrocarbon  compounds),  are  converted 
into  their  chloranhydrides,  RCOCl.  With  water  they  again  form  the 
acid,  and  resemble  the .  chloranhydrides  of  mineral  acids  in  their 
general  properties. 

Since  carbonic  acid,  C0(0H)2,  contains  two  hydroxyl  groups,  its 
perfect  chloranhydride,  COCI2,  carbonic  oxychloride,  carhonyl  chloride 
or  phosgene  gas,  contains  two  atoms  of  chlorine,  and  differs  from 
the  chloranhydrides  of  organic  acids  in  that  in  them  one  atom  of 
chlorine  is  replaced  by  the  hydrocarbon  radicle  RCOCl,  if  R  be  a 
monatomio  radicle  giving  a  hydrocarbon  RH.  It  is  evident,  on  the 
one  hand,  that  in  RCOCl  the  hydrogen  is  replaced  by  the  radicle 
COCl,  which  is  also  able  to  replace  several  atoms  of  hydrogen  (for 
example,  C2H4(C0C1)2  corresponds  with  the  bibasic  succinic  acid)  ; 
and,  on  the  other  hand,  that  the  reactions  of  the  chloranhydrides  of 

^^  Phosphorus  oxychloride  is  obtained  by  the  action  of  phosphoric  chloride  on 
hydrates  of  acids  {because  alkalis  decompose  phosphorus  oxychloride),  according  to  the 
equation  PCl5  +  RHO  =  POCl5-l-KCl  +  HCl,  where  BHO  is  an  acid.  The  reaction  only 
proceeds  according  to  this  equation  with  monobasic  acids,  but  then  RCl  is  volatile,  and 
therefore  a  mixture  is  obtained  of  two  volatile  substances,  the  acid  chloride  and  phos- 
phorus oxychloride,  which  are  sometimes  difficult  to  separate ;  whilst  if  the  hydrate 
be  polybasic  the  reaction  frequently  proceeds  so  that  an  anhydride  is  formed  : 
RH202-l-PCl5  =  EO  +  POCl3  +  2HCl.  If  the  anhydride  be  non- volatile  (like  boric),  or 
easily  decomposed  (like  oxalic),  it  is  easy  to  obtain  pure  oxychloride.  Thus  phos- 
phorus oxychloride  is  often  prepared  by  acting  on  boric  or  oxalic  acid  with  phosphoric 
chloride.  It  is  also  formed  when  the  vapour  of  phosphoric  chloride  is  passed  over 
phosphoric  anhydride,  P2O5  -I-  8PCI5  =  6POCI3.  This  forms  an  excellent  example  in  proof 
of  the  fact  that  the  formation  of  one  substance  from  two  does  not  necessarily  show  that 
the  resultant  compound  contains  the  molecules  of  these  substances  in  its  molecule.  But 
other  oxychlorides  of  phosphorus  are  also  formed  by  the  interaction  of  phosphoric  anhy- 
dride and  chloride ;  thus  at  200°  the  chloranhydride,  POoCl,  or  chloranhydride  of  meta- 
phosphoric  acid,  is  formed  (Gustavsori).  The  chloranhydride  of  pyrophosphoric  acid, 
P2O5CI1,  was  obtained  (Hayter  and  Michaelis),  together  with  NOCl,  &c.,  by  the  action, 
of  NO  upon  cold  PCI5,  as  a  fuming  liquid  boiling  at  210°. 
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organic  acids  will  answer  to  the  reactions  of  carbonyl  chloride,  as  the  re- 
actions of  the  acids  themselves  answer  to  those  of  carbonic  acid.  Carbonyl 
chloride  is  obtained  directly  from  dry  carbon  monoxide  and  chlorine  ^'^ 
exposed  to  the  action  of  light,  and  forms  a  colourless  gas,  which  easily 
condenses  into  a  liquid,  boiling  at  +8°,  specific  gravity  1'43,  and  having 
the  suffocating  odour  belonging  to  all  chloranhydrides.  Like  all  chlor- 
anhydrides,  it  is  immediately  decomposed  by  water,  forming  carbonic 
anhydride,  according  to  the  equation  COClj  +  HjO  =  COj  +  2HC1, 
and  thus  expresses  the  type  proper  to  all  chloranhydrides  of  both 
mineral  and  organic  acids.^' 

In  order  to  show  the  general  method  for  the  preparation  of  acid 
chloranhydrides,  we  will  take  that  of  acetic  acid,  CHj'COOH,  as  an  ex- 
ample. Phosphorus  pentachloride  is  placed  in  a  glass  retort,  and  acetic 
acid  poured  over  it  ;  hydrochloric  acid  is  then  evolved,  and  the  sub- 
stance distilling  over  directly  after  is  a  very  volatile  liquid,  boiling  at  50°, 
and  having  all  the  properties  of  the  chloranhydrides.     With  water  it 

27  The  direct  action  of  the  sun's  rays,  or  of  magnesium  Ught,  is  necessary  to  start  the 
reaction  between  carbonic  oxide  and  chlorine,  but  when  once  started  it  will  proceed 
rapidly  in  diffused  light.  An  excess  of  chlorine  (which  gives  its  coloration  to  the 
colourless  phosgene)  aids  the  completion  of  the  reaction,  and  may  afterwards  be  removed 
by  metallic  antimony.  Porous  substances,  like  charcoal,  aid  the  reaction.  Phosgene 
may  be  prepared  by  passing  a  mixture  of  carbonic  anhydride  and  chlorine  over  incan- 
descent  charcoal.  Lead  or  silver  chloride,  when  heated  in  a  current  of  carbonic  oxide, 
also  partially  form  phosgene  gas.  Carbon  tetrachloride,  CCI4,  also  forms  it  when  heated 
with  carbonic  anhydride  (at  400°),  with  phosphoric  anhydride  (200°),  and  most  easily  of  all 
with  sulphuric  anhydride  (2SO5 -F  CCI4  =  COCI2  4-  S.JO5CI.,,  this  is  pyrosulphuryl  chloride). 
Chloroform,  CHCI3,  is  converted  into  carbonyl  chloride  when  heated  with  S02(0H)C1 
(the  first  chloranhydride  of  sulphuric  acid);  CHCI3 -I- SOjHCl  =  COCl^ -f SO2  +  2HC1 
(Dewar),  and  when  oxidised  by  chromic  acid. 

Among  the  reactions  of  phosgene  we  may  mention  the  formation  of  urea  with 
ammonia,  and  of  carbonic  oxide  when  heated  with  metals. 

28  We  are  already  acquainted  with  some  of  the  chloranhydrides  of  the  inorganic 
■acids — for  instance,  BC1-,  and  SiCl4 — and  here  we  shall  describe  those  which  correspond 
with  sulphuric  acid  in  the  following  chapter.  It  may  be  mentioned  here  that  when  hydro- 
chloric acts  on  nitric  acid  (aqua  regia.  Vol.  I.  p.  467)  there  is  formed,  besides  chlorine, 
the  oxychlorides  NOCl  and  NO^Cl,  which  may  be  regarded  as  chloranhydrides  of  nitric 
and  nitrous  acids  (nitrogen  chloride.  Vol.  I.  p.  476).  The  former  boils  at  —  5°,  the  latter 
at  +5°,  the  specific  gravity  of  the  first  at  -12°  =  1-416,  and  at  -18°  =  1-433  (Geuther), 
and  of  the  second  =  1-3 ;  the  first  is  obtained  from  nitric  oxide  and  chlorine,  the  second 
from  nitric  peroxide  and  chlorine,  and  also  by  the  action  of  phosphoric  chloride  on  nitric 
acid.  If  the  gases  evolved  by  aqua  regia  be  passed  into  cold  and  strong  sulphuric  acid, 
they  form  crystals  of  the  composition  NHSO3  (like  chamber  crystals),  which  melt  at  86°, 
and  with  sodium  chloride  form  acid  sodium  sulphate  and  the  oxychloride  XOCI.  This 
-chloranhydride  of  nitric  acid  is  termed  nitrosyl  chloride. 

Cyanogen  chloride,  CNCl,  is  the  gaseous  chloranhydride  of  cyanic  acid;  it  is  formed 
by  the  action  of  chlorine  on  aqueous  mercury  cyanide,  Hg(CN)2-|-2Cl2  =  HgCl2-t-2CNCl. 
When  chlorine  acts  on  cyanic  acid,  it  forms  not  only  this  cyanogen  chloride,  but  also  poly- 
merides  of  it — a  liquid,  boiling  at  18°,  and  a  solid,  boUing  at  190°.  The  latter  corre- 
;sponds  with  cyanuric  acid,  and  consequently  contains  C3N-CI3.  Details  concerning  these 
-.substances  must  be  looked  for  in  works  on  organic  chemistry. 
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forms  hydrochloric  and  acetic  acids.  The  reaction  here  taking  place 
may  be  explained  thus  ;  the  substitution  of  the  oxygen  taken  from  the 
acetic  acid  (from  its  carboxyl)  by  two  atoms  of  chlorine  from  the 
PC1.5  should  be  as  follows  :  CH3-COOH  +  PCl.-,=CH3-COHCl2  +  POCl3. 
But  the  compound  CH^  COHOlj  does  not  exist  in  a  free  state  (because 
it  would  indicate  the  possibility  of  the  formation  of  compounds  of 
the  type  CXg,  and  carbon  only  gives  those  of  the  type  CX.,)  ;  it 
therefore  splits  up  into  HCl  and  the  chloranhydride  CH^-COCl.  The 
general  scheme  for  the  reaction  of  phosphorus  pentachloride  with 
hydrates  ROH  is  exactly  the  same  as  with  water  ;  namely,  ROH  with 
PCI.,  gives  POCI3  +  HCl +  RC1— that  is  a  chloranhydride.  28M3 

Containing,  as  they  do,  chlorine,  which  easily  reacts  with  hydrogen, 
phosphorus  pentachloride,  trichloride,  and  oxychloride  enter  into 
reaction  with  ammonia,  and  give  a  series  of  amide  and  nitrile  com- 

S8  bifl  This  reaction  indeed  proceeds  very  easily  and  completely  with  a  number  of 
hydroxides,  if  they  do  not  react  on  hydrocliloric  acid  and  phosphorus  oxycliloride,  which 
is  the  case  when  they  have  alkaline  properties.  When  the  hydroxide  is  bibasic  and 
is  present  in  excess,  it  not  unfrequently  happens  that  the  elements  of  water  are  taken 
up :  R(0H)2  +  PCI5  =  EG  +  2HC1  +  POCI3.  The  anhydride  EC  may  then  be  con- 
verted into  chloranhydride,  E0  +  PCl5  =  EClo  +  P0Clj — that  is,  phosphorus  penta- 
chloride brings  about  the  substitution  of  O  by  CI2.  Thus  carbonyl  chloride,  COGl.^,  boron 
chloride,  2BC1,-;,  and  succinic  chloride,  C4H4O2CI2,  &c.,  are  respectively  obtained  by  the 
action  of  phosxohoric  chloride  on  catbonic,  boric,  and  succiiric  anhydrides.  Phosphorus 
pentachloride  reacts  in  a  similar  manner  on  the  aldehydes,  ECHO,  forming  RCHCI2, 
and  on  the  chloranhydrides  themselves — for  example,  with  acetic  chloride,  CH^'COCl 
(when  heated  in  a  closed  tube),  it  forms  a  substance  having  the  composition  CH-'CCl,^. 

Phosphorus  trichloride  and  oxychloride  act  in  a  similar  manner  to  phosphoric  chloride. 
When  phosphorus  trichloride  acts  on  an  acid,  3EH0  +  PCI3  ^  3EC1  -h  P(HO) j.  If  a  salt 
is  taken,  then  by  the  action  of  phosphorus  oxycliloride  a  corresponding  chloranhydride 
and  salt  of  orthophosphorio  acid  are  easily  formed:  3E(KO)-fPOCl5  =  SECl-FPO(KO)3. 
The  chloranhydride  ECl  is  always  more  volatile  than  its  corresponding  acid,  and  distils 
over  before  the  hydrate  EHO.  Thus  acetic  acid  boils  at  117°,  and  its  clJoranhydride 
at  50°.  Phosphoric  and  phosphorous  acids  are  very  slightly  volatile,  whilst  their 
chloranhydrides  are  comparatively  easily  converted  into  vapour.  The  faculty  of  the 
chloranhydrides  to  react  at  the  expense  of  their  own  chlorine  determines  their  great 
importance  in  chemistry.  For  instance,  suppose  we  require  to  know  the  molecular 
formula  of  some  hydrate  which  does  not  pass  into  a  state  of  vapour  and  does  not  give  a 
chloranhydride  with  hydrochloric  acid — that  is,  which  has  not  any  basic  or  alkaline 
properties ;  we  must  then  endeavour  to  obtain  this  chloranhydride  by  means  of 
phosphoric  chloride,  and  it  frequently  happens  that  the  corresponding  oliloranhydride  is 
volatile.  The  resultant  cliloraiiliydride  is  then  converted  into  vapour,  and  its  composition 
is  determined;  and  if  we  know  its  composition  we  ai-e  able  to  decide  that  of  its 
corresponding  hydrate.  Thus,  for  example,  from  the  formula  of  silicon  chloride,  SiCl4,  or 
of  boron  chloride,  BCI3,  we  can  judge  the  composition  of  their  corresponding  hydrates, 
Si(H0)4,  B{H0)5.  Having  obtained  the  chloranhydride  ECl  or  EC1,„  it  is  possible  by  its 
means  to  obtain  many  other  compoimds  of  the  same  radicle  E  according  to  the  equation 
MX-fRCl  =  MCl-l-EX.  M  may  be  =H,  K,  Ag,  or  other  metal.  The  reaction  proceeds 
thus  if  M  forms  a  stable  compound  with  clilorine — for  example,  silver  chloride,  hydro- 
chloric acid,  and  E,  an  unstable  substance.  Hence,  a  chloranhydride  is  frequently 
employed  for  the  formation  of  other  compounds  of  a  given  radicle  ;  for  instance,  witK 
ammonia  they  form  amides  ENH.,,  and  with  salts  ROK,  with  anhydrides  EjO,  &c. 
VOL.  II.  N 
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pounds  of  phosphorus.  Thus,  for  example,  when  ammonia  acts  on  the 
oxychloride  we  obtain  sal-ammoniac  (which  is  afterwards  removed  by 
water)  and  an  orthophosphoric  triamide,  PO(NH2)3,  as  a  white  in- 
soluble powder  on  which  dilute  acids  and  alkalis  do  not  act,  but  which, 
when  fused  with  potassium  hydroxide,  gives  potassium  phosphate  and 
ammonia  like  other  amides.  When  ignited,  the  triamide  liberates 
ammonia  and  forms  the  nitrile  POX,  just  as  urea,  CO(NH2)2, 
gives  off  ammonia  and  forms  the  nitrile  COXH.  This  nitrile,  called 
monophosphamide,  PON,  naturally  corresponds  with  metaphosphoric 
acid,  namely,  with  its  ammonium  salt.  NHjPOg  — H20=PO^XH2, 
an  as  yet  unknown  amide,  and  POa'^Hg  — HgO  gives  the  nitrile  PON. 
This  relation  is  confirmed  by  the  fact  that  POX,  moistened  with  water, 
gives  metaphosphoric  acid  when  ignited.  It  is  the  analogue  of  nitrous 
oxide,  XON.  It  is  a  very  stable  compound,  more  so  than  the  pre- 
ceding.^^ 

^3  The  reaction  of  ammonia  on  phosphorus  pentachloride  is  more  complex  than  the 
preceding.  This  is  readily  understood  :  to  the  oxychloride,  POCI3,  there  corresponds  a 
hydrate  P0(0HJ3,  and  a  salt  PO{NH40)5,  and  consequently  also  an  amide  PO(XH^)-, 
whilst  the  pentachloride,  PCI5,  lias  no  corresponding  hydrate  P(0H)5,  and  therefore  there 
is  no  amide  P(NHo)5.  The  reaction  with  ammonia  will  be  of  two  kinds:  either  instead  of 
5  mol.  NHn,  only  3  mol.  XH5  or  still  less  will  act;  i.e.  PCl,.fNH.j5,  PC1.-5(NH2)2,  &c.  are 
fonned ;  or  else  the  pentachloride  will  act  like  a  mixture  of  chlorine  with  the  trichloride, 
and  then  as  the  result  there  will  be  obtained  the'products  of  the  action  of  chlorine  on  those 
amides  which  are  formed  from  phosphorus  trichloride  and  ammonia.  It  would  appear 
that  both  kinds  of  reaction  proceed  simultaneously,  but  both  kinds  of  products  are  uji- 
stuble,  at  all  events  complex,  and  in  the  result  there  is  obtained  a  mixture  containing 
sul-ammoniac,  &c.  The  products  of  the  first  kind  should  react  with  water,  and  we  should 
obtain,  for  example,  PCl5(NH2).2  +  2H20  =  3HCl  and  PO{HO)(NH2)2.  This  substance  has 
not  actually  been  obtained,  but  the  compound  P0NH(NH2)  derived  from  it  by  elimination 
of  the  elements  of  water  is  known,  and  is  termed  diphosphaTnide ;  it  is,  however,  more 
probable  that  it  is  a  nitrile  than  an  amide,  because  only  amides  contain  the  group  XHg. 
It  is  a  colourless,  stable,  insoluble  powder,  which  possibly  corresponds  with  pyrophos- 
phoric  acid,  more  especially  since  when  heated  it  evolves  ammonia  and  gives  and  leaves 
phosphoryl  nitride,  PON — that  is,  the  nitrile  of  metaphosphoric  acid.  The  amide  corre- 
sponding with  the  pyrophosphate  'P^^A^^'iPk  sliould  be  P.203fXH.2)4,  and  the  nitriles 
corresponding  to  the  latter  would  be  P202N{NH2)3,  p20N.^(NH2)2,  and  P2N3(NH2).  The 
composition  of  the  first  is  the  same  as  that  of  the  above  diphosphamide.  The  third 
pyrophosphoric  nitrile  has  a  formula  P2N4II2,  and  tliis  is  the  composition  of  the  body 
known  a,fi  phospham^  PHN2  (in  a  certain  sense  this  is  the  analogue  of  N5H  polymerised, 
Chapter  VI.)  Indeed,  phospham  has  been  obtained  by  heating  the  products  of  the  action 
of  ammonia  on  phosphoric  chloride,  as  an  insoluble  and  alkaline  powder,  which  gives 
ammonia  and  phosphoric  acid  when  subjected  to  the  action  of  water.  The  same  sub- 
htance  is  obtained  by  the  action  of  ammonium  chloride  on  phosphoric  cliloride  (PXCU  Js 
first  formed,  and  reacts  further  with  anunonia,  forming  phospham),  and  by  igniting  the 
mass  which  is  formed  by  the  action  of  ammonia  on  phosphorus  trichloride.  Formerly  the 
composition  of  phospham  was  supposed  to  be  PHN2,now  there  is  reason  to  think  that  its 
molecular  weight  is  PsHgNg, 

The  above  compounds  correspond  with  normal  salts,  but  nitriles  and  amides  corre- 
sponding to  acid  salts  are  also  possible,  and  they  will  be  acids.  For  example,  the  amide 
P0{H0)o(XH2),   and  its  nitrile,  will  be  either  PN(H0)2   or  PO{HO)fNH),  but  at  all 
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The  most  important  analogue  of  phosphorus  is  arsenic,  the  metallic 
aspect  of  which  and  the  general  character  of  its  compounds  of  the  types 
AsXy  and  AsXr,  at  once  recall  the  metals.  The  hydrate  of  its  highest 
oxide,  arsenic  acid  (ortho -arsenic  acid),  H;jAs04,  is  an  oxidising  agent, 
and  gives  up  a  portion  of  its  oxygen  to  many  other  substances  ;  but, 
nevertheless,  it  is  very  like  phosphoric  acid.  Mitscherlich  established 
the  conception  of  isomorphism  by  comparing  the  salts  of  these  acids. ^"^ 

events  of  tlie  composition  PNHoO.j,  and  having  acid  properties.  The  amnioniuni  salt  of 
ihis phospho nit ril / c  acid  (it  is  called  phosphamic  acid),  PNH{NH4)Oo,  is  obtained  by 
the  action  of  aininonia  on  phosphoric  anhydi-ide,  P205  +  4NH5  =  H.20  +  2PNH(NH4)02. 
A  non- crystalline  soluble  mass  is  thus  formed,  which  is  dissolved  in  a  dilute  solution  of 
anunonia  and  precipitated  with  barium  chloride,  and  the  resultant  barium  salt  is  then 
decomposed  with  sulphuric  acid,  and  thus  a  solution  of  the  acid  of  the  above  composition 
is  obtained. 

It  is  evident  from  the  theory  of  the  formation  of  amides  and  nitriles  (Chapter  IX.} 
that  very  many  compounds  of  this  kind  can  correspond  with  the  acids  of  phosphorus  ; 
but  as  yet  only  a  few  are  known.  The  easy  transitions  of  the  ortho-,  meta-,  and  pyro- 
phosphoric  acids,  by  lueans  of  the  hydrogen  of  ammonia,  into  the  lower  acids,  and  con- 
versely, tend  to  complicate  the  study^of  tliis  very  large  class  of  compounds,  and  it  is  rarely 
that  the  nature  of  a  product  thus  obtained  can  be  judged  from  its  composition ;  and  this 
all  the  more  that  instances  of  isomerism  and  polymerism,  of  mixture  between  water  of 
crystallisation  and  of  constitution,  &c.,  are  here  possible.  Many  data  are  yet  needed 
to  enable  us  to  form  a  true  judgment  as  to  the  composition  and  structure  of  such 
compounds.  As  the  best  proof  of  this  we  will  describe  the  very  ijiteresting  and  most 
fully  investigated  compound  of  this  class,  PNCl^,  called  chlorophos'phamide,  or  nitrogen 
cliloropliosphorite.  It  is  formed  in  small  quantities  when  the  vapour  of  phosplioric 
chloride  is  passed  over  ignited  sal-ammoniac.  Besson  (1892)  heated  the  compound 
PCI58NH5  (which  is  easily  and  directly  formed  from  PCI5  and  NH^)  under  a  pressure  of 
about  50  mm.  (of  mercury)  to  200°,  and  obtained  brilliant  crystals  of  PNClj,  which  melted 
at  106°  (in  the  residue  after  the  distillation  of  sal-animoniacal  phospham).  The  chlorine 
in  it  is  very  stable — quite  different  from  that  in  phosphoric  chloride.  Indeed,  the  re- 
sultant substance  is  not  only  insoluble  in  water  (though  soluble  in  alcohol  and  ether),  but 
it  is  not  even  moistened  by  it,  and  distils  over,  together  with  steam,  without  being  decom- 
posed. In  a  free  state  it  easily  crystallises  in  colourless  prisms,  fuses  at  114°,  boils  at  '250° 
(Gladstone,  Wichelhaus),  and  when  fused  with  potash  gives  potassium  chloride  and  the 
amidonitrile  of  phosphoric  acid.  Judging  from  its  formula  and  the  simplicity  of  its  com- 
position and  reactions,  it  might  be  thought  that  the  molecular  weight  of  this  substance 
would  be  expressed  by  the  formula  PCUN,  that  it  corresponds  with  PON  and  with  PCI5 
(like  POCI3),  with  the  substitution  of  CI5  by  N,  just  as  in  POCI5  two  atoms  of  chlorine 
are  replaced  by  oxygen ;  but  all  these  surmises  are  incorrect,  because  its  vapour  density 
(referred  to  hydrogen — Gladstone,  Wichelhaus)  =182 — that  is,  the  molecular  formula 
must  be  three  times  greater,  P3N5CI6.  The  polymerisation  (tripling)  is  here  of  exactly 
the  same  kind  as  with  the  nitriles. 

^^  It  is  necessary  to  remark  that,  although  arsenic  is  so  closely  analogous  to  phos- 
phorus (especially  in  the  higher  forms  of  combination,  BX,^  and  RX5),  at  the  same  time 
it  exhibits  a  certain  resemblance  and  even  isomorphism  with  the  corresponding  com- 
pounds of  sulphur  (especially  the  metallic  compounds  of  the  type  MAs,  corresponding 
,with  MS).  Thus  compounds  containing  metals,  arsenic,  and  suli)luir  are  very  frequently 
met  with  in  nature.  Sometimes  the  relative  amounts  of  arsenic  and  sulphur  vary,  so 
that  an  isomorphous  substitution  between  the  arsenides  and  sulphides  must  be  recog- 
nised. Besides  PeSo  (ordinary  pyrites),  and  FeAs^,  iron  forms  an  arsenical  pyrites  con- 
taining both  sulphur  and  arsenic,  which  from  its  composition,  FeAsS  or  FeSoFeAsg, 
resembles  the  two  preceding. 
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Arsenic  occurs  in  nature,  not  only  combined  with  metals,  but  also, 
although  rarely,  native  and  also  in  combination  with  sulphur  in  two 
minerals — one  red,  realgar,  As.^S^,  and  the  other  yellow,  orpiment, 
AS2S3  (Chapter  XX.,  Note  29).  Arsenic  occurs,  but  more  rarely,  in 
the  form  of  salts  of  arsenic  acid — for  instance,  the  so-called  cobalt  and 
nickel  blooms,  two  minerals  which  are  found  accompanying  other  cobalt 
ores,  are  the  arsenates  of  these  metals.  Arsenic  is  also  found  in  cer- 
tain clays  (ochres)  and  has  been  discovered  in  small  quantities  in  some 
mineral  springs,  but  it  is  in  general  of  rarer  occurrence  in  nature  than 
phosphorus.  Arsenic  is  most  frequently  extracted  from  arsenical 
pyrites,  FeSAs,  which,  when  roasted  without  access  of  air,  evolves  the 
vapour  of  arsenic,  ferrous  sulphide  being  left  behind.  It  is  also  obtained 
by  heating  arsenious  anhydride  with  charcoal,  in  which  case  carboiiio 
oxide  is  evolved.  In  general,  the  oxides  and  other  compounds  are  \ery 
easily  reduced.  Solid  arsenic  is  a  steel-grey  brittle  metal,  having  a 
bright  lustre  and  scaly  structure.  Its  specific  gravity  is  5'7.  It  is 
opaque  and  infusible,  but  volatilises  as  a  yellow  vapour  which  on  cooling 
deposits  rhombohedral  crystals.'"  *'■'  The  vapour  density  of  arsenic  is 
150  times  greater  than  that  of  hydrogen — that  is,  its  molecule,  like  that 
of  phosphorus,  contains  4  atoms,  Asj.  When  heated  in  the  air,  arsenic 
easily  oxidises  into  white  arsenious  anhydride,  As.^O-,,  but  even  at  the 
ordinary  temperature  it  loses  its  lustre  (becomes  dull),  owing  to  the 
formation  of  a  coating  of  a  lower  oxide.  The  latter  appears  to  be  as 
volatile  as  arsenious  anhydride,  and  it  is  probable  that  it  is  owing  to 
the  presence  of  this  compound  that  the  vapours  of  arsenious  compounds, 
when  heated  with  charcoal  (for  example,  in  the  reducing  flame  of  a  blow- 
pipe), have  the  characteristic  smell  of  garlic,  because  the  vapour  of 
arsenic  itself  has  not  this  odour. 

Arsenic  easily  combines  with  bromine  and  chlorine  ;  "  nitric  acid 

30  bis  According  to  Retgers  (1898)  the  arsenic  mirror  (see  further  on)  is  an  unstable 
variety  of  metallic  arsenic,  whilst  the  brown  product  which  is  formed  together  with  it  in 
Marsh's  apparatus  is  a  lower  hydride  AsH.  Schuller  and  McLeod  (1894),  however,  recog- 
nise a  peculiar  yellow  variety  of  arwenic. 

5'  Hydi-ochloric  acid  dissolves  arsenious  anhydride  in  considerable  quantities,  and 
this  is  probably  owing  to  the  formation  of  unstable  compounds  in  which  the  arsenious 
anhydride  plays  the  part  of  a  base.  A  compound  called  arsenious  oxychloride,  having 
the  composition  AsOCl,  is  even  known.  It  is  formed  when  arsenious  anhydride  is  added 
little  by  little  to  boiling  arsenic  trichloride,  As,03-FAsCl3  =  3AsOCI.  It  is  a  transparent 
substance,  which  fumes  in  air,  and  combines  with  water  to  form  a  crystalline  mass  having 
the  composition  As2(OH)4Cl2.  Wlien  heated  it  decomposes  into  arsenious  chloride  and 
a  fresh  oxychloride  of  a  more  complex  composition,  AsjOjCl^.  Arsenic  trichloride,  when 
treated  with  a  small  quantity  of  water,  forms  the  crystalline  compound,  As.,(H0),|Cl5, 
mentioned  above.  These  compounds  resemble  the  basic  salts  of  bismuth  and  alu- 
minium. The  existence  of  these  compounds  shows  that  arsenic  is  of  a  more  metallic 
or  basic  character  than  phosphorus.     Nevertheless  arsenic  trichloride,  ASCI3,  resembles 
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and  aqua  regia  also  oxidise  it  into  the  higher  oxide,  or  rather  its  hydrate, 
arsenic  acid.^^     As  far  as  is  known,  it  does  not  decompose  steam,  and 

phosphorus  trichloride  in  many  respects.  It  is  obtained  by  the  direct  action  of  clilorine 
on  arsenic,  or  by  distilling  a  mixture  of  common  salt,  sulphuric  acid,  and  arsenious  anhy- 
dride. The  latter  mode  of  prej>aration  already  indicates  the  basic  properties  of  the  oxide. 
Arsenious  chloride  is  a  colourless  oily  liquid,  boiling  at  130°,  and  having  a  sp.  gr.  of  2*20.  It 
fumes  in  air  like  other  chl  or  anhydrides,  but  it  is  much  more  slowly  and  imperfectly  decom- 
posed by  water  than  phosphorus  trichloride.  A  considerable  quantity  of  water  is  required 
for  its  complete  decomposition  into  hydrochloric  acid  and  arsenious  anhydride.  It  forms 
an  excellent  example  of  the  transition  from  true  metallic  clilorides  to  true  chloranhydrides 
of  the  acids.  It  hardly  combines  with  clilorine.  I.e.  if  AsClj  is  formed  it  is  very  unstable. 
Arsenic  t ribroinide^  AsBr-,  is  formed  as  a  crystalHne  substance,  fusing  at  20°  and  boil- 
ing at  220°,  by  the  direct  action  of  metallic  arsenic  on  a  solution  of  bromine  in  carbon 
bisulphide,  the  latter  being  then  evaporated.  The  specific  gravity  of  arsenic  tribromide 
is  3'3t).  Crystalline  arsenic  tri-iodide,  Asis,  having  a  sp.  gr.  4"39,  may  be  obtained  in  a 
like  manner  ;  it  may  be  dissolved  in  water,  and  on  evaporation  separates  out  from  the 
solution  in  an  anhydrous  state — that  is,  it  is  not  decomposed — and  consequently  beha"^  es 
like  metallic  salts.  Aisenic  irijiuoride,  AsF^,  is  obtained  by  heating  fiuor  spar  and 
arsenious  anhydride  with  sulphuric  acid.  It  is  a  fuming,  colourless,  and  very  poisonous 
liquid,  which  boils  at  63°  and  has  a  sp.  gr.  of  2'73.  It  is  decomposed  by  water.  It  is  vei*y 
remarkable  that  fluorine  forms  a  pentaHuoride  of  arsenic  also,  although  this  compound 
has  not  yet  been  obtained  in  a  separate  state,  but  only  in  combination  with  potassium 
fluoride.  This  compound,  KjAsFs,  is  formed  as  prismatic  crystals  when  potassium 
arsenate,  K3ASO4,  is  dissolved  in  hydrofluoric  acid. 

^-  Arsetiic  acid,  H5ASO4,  corresponding  with  orthophosphoric  acid,  is  formed  by 
oxidising  arsenious  anhydride  with  nitric  acid,  and  evaporating  the  resultant  solution 
until  it  attains  a  sp.  gr.  of  2'2 ;  on  cooling  it  separates  in  crystals  having  the  above 
composition.  This  hydrate  corresponds  with  the  normal  salts  of  arsenic  acid ;  but  on 
dissolving  in  water  (without  heating),  and  on  cooling  a  strong  solution,  crystals  containing 
a  greater  amount  of  water,  namely,  (AsH504)2,H20,  separate.  This  water,  like  water  of 
crystallisation,  is  very  easily  expelled  at  100°.  At  120°  crystals  liaving  a  composition 
identical  with  that  of  pyrophosphoric  acid,  AS2H4O7,  separate,  but  water,  on  dissolving 
this  hydrate  with  the  development  of  heat,  forms  a  solution  in  no  way  differing  from  a 
solution  of  ordinary  arsenic  acid,  so  that  it  is  not  an  independent  pyroarsenic  acid  that 
is  formed.  Neither  is  there  any  true  analogue  of  metaphosphoric  acid,  although  the 
compound  AsHOs  is  formed  at  200°,  and  on  solidifying  fonns  a  mass  having  a  pearly 
lustre  and  sparingly  soluble  in  cold  water  ;  but  on  coming  into  contact  with  warm  water 
it  becomes  very  hot,  and  gives  ordinary  orthoarsenic  acid  in  solution.  Arsenic  acid 
forms  three  series  of  salts,  which  ai'e  perfectly  analogous  to  the  tln-ee  serie^^  of  ortho- 
phosphates.  Thus  the  normal  salt,  K5ASO4,  is  formed  by  fusing  the  other  potassium 
arsenates  with  potassium  carbonate ;  it  is  soluble  in  water  and  crystallises  in  needles 
which  do  not  contain  water.  Di-potassium  arsenate,  K^HAsO^,  is  formed  in  solution 
by  mixing  potassium  carbonate  and  arsenic  acid  until  carbonic  anhydride  ceases  to  be 
evolved ;  it  does  not  crystallise,  and  has  an  alkaline  reaction  ;  hence  it  corresponds 
perfectly  with  the  sodium  phosi^hate.  As  was  mentioned  above,  arsenic  acid  itself 
acts  as  an  oxidising  agent ;  for  example,  it  is  used  in  tlie  manufacture  of  aniline  dyes 
for  oxidising  the  aniline,  and  it  is  prepared  in  large  quantities  for  this  purpose. 
When  sulphuretted  hydrogen  is  passed  through  its  solution,  sulphuric  acid  and 
arsenious  anhydride  are  obtained  in  solution.  Arsenic  acid  is  very  easily  soluble  in 
water,  and  its  solution  has  an  exceedingly  acid  reaction,  and  when  boiled  with  hydro- 
chloric acid  evolves  chlorine,  like  selenic,  chromic,  manganic,  and  certain  other  higher 
metallic  acids. 

Arsenic  anhydride.,  AS2O5,  is  produced  when  arsenic  acid  is  heated  to  redness  It 
must  be  carefully  heated,  as  at  a  bright  red  heat  it  decomposes  into  oxygen  and  arsenious 
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it  acts  exceedingly  slowly  on  those  acids,  like  hydrochloric,  which  are 
QOt  capable  of  oxidising. 

Arseniurettfd  hydrogen,  arsine,  AsHj,  resembles  phosphuretted 
hydrogen  in  many  respects.  This  colourless  gas,  which  liquefies  into  a 
mobile  liquid  at  —40°,  has  a  disagreeable  garlic-like  odour,  is  only 
slightly  soluble  in  water,  and  is  exceedingly  poisonous.  Even  in  a 
small  quantity  it  causes  great  suffering,  and  if  present  to  any  consider- 
able amount  in  air  it  even  causes  death.  The  other  compounds  of  arsenic 
are  also  poisonous,  with  the  exception  of  the  insoluble  sulphur  compound 
and  some  compounds  of  arsenic  acid.  Arseniuretted  hydrogen,  AsHs, 
is  obtained  by  the  action  of  water  on  the  alloy  of  arsenic  and  .sodium, 
sodium  hydroxide  and  arseniuretted  hydrogen  being  formed.  It  is 
also  formed  by  the  action  of  sulphuric  acid  on  the  alloy  of  arsenic  and 
zinc:  ZnjAs.,  i- 3H2S04==2AsH3  +  3ZnS04.'^  The  oxygen  compounds 
of  arsenic  are  very  easily  reduced  by  the  action  of  hydrogen  at  the 
moment  of  its  evolution  from  acids,  and  the  reduced  arsenic  then 
combines  with  the  hydrogen  ;  hence,  if  a  certain  amount  of  an  oxygen 
compound  of  arsenic  be  put  into  an  apparatus  containing  zinc  and 
sulphuric  acid  (and  thus  serving  for  the  evolution  of  hydrogen),  the 
hydrogen  evolved  will  contain  arseniuretted  hydrogen.  In  this  case  it 
is  diluted  with  a  considerable  amount  of  hydrogen.  But  its  presence 
in  the  most  minute  quantities  may  be  easily  recognised  from  the  fact 
that  it  is  easily  decomjMsed  by  heat  (200°  according  to  Brunn)  into 
metallic  arsenic  and  hydrogen,  and  therefore  if  such  impure  hydrogen 
be  passed  through  a  moderately-heated  tube  metallic  arsenic  will  be 
deposited  as  a  bright  layer  on  the  part  of  the  tube  which  was  heated 
{see  Xote  30  bis).  This  reaction  is  so  sensitive  that  it  enables  the 
most  minute  traces  of  arsenic  to  be  discovered  ;  hence  it  is  employed 
in  medical  jurisprudence,  as  a  test  in  poisoning  cases.  It  is  easy  to 
discover  the  presence  of  arsenic  in  common  zinc,  copper,  sulphuric  and 
hydrochloric  acids,  etc.  by  this  method.  It  is  obvious  that  in  testing 
for  poison  by  Marsh's  apparatus  it  is  necessary  to  take  zinc  and  sul- 
phuric acid  quite  free  from  arsenic.  The  arsenic  deposited  in  the  tube 
may  be  driven  as  a  volatile  metal  from  one  place  to  another  in  the 
current  of  hydrogen  evolved,  owing  to  its  volatility.'  This  forms  a 
distinction  between  arseniuretted  and  antimoniuretted  hydrogen,  which 

aoihydride.  Arsenic  aubydride  is  an  amorplious  substance  abnost  entirely  insoluble  iu 
water,  but  it  attracts  moisture  from  tlie  air,  deliquesces,  and  passes  into  tlie  acid.  Hot 
water  produces  tbis  transformation  with  gi-eat  ease. 

55  The  formation  of  arseniuretted  bydi'ogen  is  accompanied  by  the  absorption  of  37,000 
heat  units,  while  phospbine  evolves  18,000  (Ogier),  and  ammonia  27,000.  Sodium  {0'6  x^-c.) 
amalgam,  with  a  strong  solution  of  AsoO^,  gives  a  gas  containing  86  vols,  of  arsenic  and 
14  vols,  of  hydrogen  (Cavazzi). 
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is  decomposed  by  heat  in  just  the  same  way  as  arseniuretted  hydrogeu, 
but  the  mirror  given  by  Sb  is  not  so  volatile  as  that  formed  by  As. 

If  hydrogen  contains  arseniuretted  hydrogen,  it  also  gives  metallic 
arsenic  when  it  burns,  because  in  the  reducing  flame  of  hydrogen  the 


Fk;.  84. — Formation  antl  decomposition  of  arseniuretted  hydrogen.  Hydrogen  Is  evolved  in  the 
WouUe's  bottle,  and  when  the  gas  comes  off,  a  solution  containing  arsenic  is  poured  through  the 
fumieL  The  presence  oE  AsHg  is  recog'nised  from  the  deposition  of  a  mirror  of  arsenic  wlien  the 
gas-conducting  tube  is  heated.  If  the  escaping  hydrogen  be  lighted,  and  a  porcelain  dish  be  held 
in  the  flame,  a  film  of  arsenic  is  deposited  on  it.  The  gas  is  drieil  by  passing  through  the  tube 
containing  calcium  chloride.    This  apparatus  is  used  for  the  detection  of  arsenic  by  Marsh's  test. 

oxygen  attracted  combines  entirely  with  the  hydrogen  and  not  with 
the  arsenic,  so  that  if  a  cold  object,  such  as  a"  piece  of  china,  be  held  in 
the  hydrogen  flame  the  arsenic  will  be  deposited  upon  it  as  a  metallic 
spofc.^"* 

The  most  common  compound  of   arsenic  is  the  solid  and  volatile 

•^^  This  spot,  or  tlie  metallic  ring  which  is  deposited  on  the  heated  tube,  may  easily  be 
tested  as  to  whether  it  is  really  due  to  arsenic  or  proceeds  from  some  other  substance 
reduced  in  the  hydrogen  flame— for  instance,  carbon  or  antimony.  The  necessity  for  dis- 
tinguishing arsenic  from  antimony  is  all  the  more  frequently  encountered  in  medical 
jm'isprudence,  from  the  fact  that  preparations  of  antimony  are  very  frequently  used  as 
medicine,  and  antimony  behaves  in  the  hydrogen  apparatus  just  like  arsenic,  and  there- 
fore in  making  an  investigation  for  poisoning  by  arsenic  it  is  easy  to  mistake  it  for 
antimony.  The  best  method  to  distinguish  between  the  metallic  spots  of  arsenic  and 
antimony  is  to  test  them  with  a,  solution  of  sodium  hypochlorite,  free  from  clilorine,  be- 
cause this  will  dissolve  arsenic  and  not  antimony.  Such  a  solution  is  easily  obtained  by 
the  double  decomposition  of  solutions  of  sodium  carbonate  and  bleaching  powder.  A 
solution  of  potassium  chlorate  acts  in  the  .same  manner,  only  more  slowly.  Purthei; 
particulars  must  be  looked  for  in  analytical  works. 

Arseniuretted  hydrogen,  like  phosphuretted  hydrogen,  is  only  slightly  soluble  in  water, 
has  no  alkaline  properties — that  is,  it  does  not  combine  with  acids — and  acts  as  a 
reducing  agent.  When  passed  into  a  solution  of  silver  nitrate  it  gives  a  blackish  brown 
precipitate  of  metallic  silver,  the  arsenic  being  oxidised.  If  acting  on  copper  sulphate 
and  similar  salts,  arseniuretted  hydrogen  sometimes  forms  arsenides — i.e.  it  reduces  the 
metallic  salt  with  its  hydrogen,  and  is  itself  reduced  to  arsenic.  Sulphuric,  and  even 
hydrochloric,  acid  reduces  arseniuretted  hydrogen  to  arsenic,  and  it  is  still  more  easily 
decomposed  by  arsenious  chloride,  and  with  phosphorous  chloride  it  gives  the  compound 
PAs.  Arseniuretted  hydrogen  gives  metallic  arsenic  with  an  acid  solution  of  arsenious 
anhydride  (Tivoli). 
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arsenious  anhydride,  AsjOg,  -which  corresponds  with  phosphorous  and 
nitrous  anhydrides.  This  very  poisonous,  colourless,  and  sweet-tasting 
substance  is  generally  known  under  the  name  of  arsenic,  or  white 
arsenic.  The  corresponding  hydrate  is  as  yet  unknown  ;  its  solutions, 
when  evaporated,  yield  crystals  of  arsenious  anhydride.  It  is  chiefly 
prepared  for  the  dyer,  and  is  also  used  as  a  vermin  killer,  and  sometimes 
in  "medicine  ;  it  is  a  product  from  which  all  other  compounds  of  arsenic 
can  be  prepared.  It  is  obtained  as  a  by-product  in  roasting  cobalt 
and  other  ores  containing  arsenic.  Arsenical  pyrites  are  sometimes 
purposely  roasted  for  the  extraction  of  arsenious  anhydride.  When 
arsenical  ores  are  burnt  in  the  air,  the  sulphur  and  arsenic  are  converted 
into  the  oxides  AsjOs  and  SOj.  The  former  is  a  solid  at  the  ordinary 
temperature,  and  the  latter  gaseous,  and  therefore  the  arsenious  anhy- 
dride is  deposited  as  a  sublimate  in  the  cooler  portion  of  the  flues 
through  which  the  vapours  escape  from  the  furnace.  It  collects  in 
condensing  chambers  especially  constructed  in  the  flues.  The  deposit 
is  collected,  and  after  being  distilled  gives  arsenious  anhydride  in  the 
form  of  a  vitreous  non-crystalline  mass.  This  is  one  of  the  varieties  of 
arsenious  anhydride,  which  is  also  known  in  two  crystalline  forms. 
When  sublimed — i.e.  when  it  rapidly  passes  from  the  state  of  vapour 
to  the  solid  state — it  appears  in  the  regular  system  in  the  form  of  octa- 
hedra.'*  It  is  obtained  in  the  same  form  when  it  is  crystallised  from 
acid  solutions.  The  specific  gravity  of  the  crystals  is  3"7.  The  other 
crystalline  form  (in  prisms)  belongs  to  the  rhombohedral  system,  and  is 
also  formed  by  sublimation  when  the  crystals  are  deposited  on  a  heated 
surface,  or  when  it  is  crystallised  from  alkaline  solutions.'^ 

5^  According  to  Mifcscherlich's  determination,  tlie  vapour  density  of  arsenious  anhydride 
is  199  (H  =  l) — that  is,  it  answers  to  the  molecular  formula  AS4O6.  Probably  this  is  con- 
nected with  the  fact  that  the  molecule  of  free  arsenic  contains  Asj.  V.  Meyer  and  Biltz, 
however,  showed  (1889)  that  at  a  temperature  of  about  1,700°  the  vapour  density  of  arsenic 
corresponds  with  the  molecule  As2,  and  not  Asj,  as  at  lower  temperatures. 

36  Arseniou?  anhydride  is  obtained  in  an  amorphous  form  after  prolonged  heating  at 
a  temperature  near  to  that  at  which  it  volatilises,  or,  better  still,  by  heating  it  in  a  closed 
vessel.  It  then  fuses  to  a  colourless  liquid,  which  on  cooling  foi-ms  a  transparent  vitreous 
mass,  whose  specific  gravity  is  only  slightly  less  than  that  of  the  crystaUine  anhydride. 
On  cooling,  this  vitreous  mass  undergoes  an  internal  change,  in  which  it  crystallises 
and  becomes  opaque,  and  acquires  the  appearance  of  porcelain.  The  following  difference 
between  the  vitreous  and  opaque  varieties  is  very  remarkable :  when  the  vitreous  variety 
is  dissolved  in  strong  and  hot  hydrochloric  acid  it  gives  crystals  of  the  anhydride  on 
cooling,  and  this  crystallisation  is  accompanied  by  the  emission  of  light  (which  is  visible 
in  the  dark),  and  the  entire  liquid  glows  as  the  crystals  begin  to  separate.  The  opaque 
variety  does  not  emit  light  when  the  crystals  separate  from  its  hydrochloric  acid  solution. 
It  is  also  remarkable  that  the  vitreous  variety  passes  into  the  opaque  form  when  it  is 
pounded — that  is,  under  the  action  of  a  series  of  blows.  Thus,  several  varieties  of 
arsenious  anhydride  are  known,  but  as  yet  they  are  not  characterised  by  any  special 
chemical  distinctions,  and  even  differ  but  little  in  their  specific  gravities,  so  that  it  cannot 
be  said  that  the  above  differences  are  due  to  any  isomeric  transformation— that  is,  to  an 
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Solutions  of  arsenious  anhydride  have  a  sweet  metallic  taste,  and 
give  a  feeble  acid  reaction.  Its  solubility  increases  with  the  admixture 
of  acids  and  alkalis.  This  shows  the  property  of  arsenious  anhydride 
of  forming  salts  with  acids  and  alkalis.  And  in  fact  compounds  of  it 
with  hydrochloric  acid  (Note  31),  sulphuric  anhydride  {see  further  on), 
and  with  the  alkali  oxides  are  known. -^^  If  silver  nitrate  be  added  to 
a  solution  of  arsenious  anhydride,  it  does  not  give  any  precipitate  unless 
a  certain  amount  of  the  arsenious  anhydride  is  saturated  with  an  alkali 
— for  instance,  ammonia.  It  then  gives  a  precipitate  of  silver  arsenite, 
AggAsO^.  This  is  yellow,  soluble  in  an  excess  of  ammonia,  and  anhy- 
drous J  it  distinctly  shows  that  arsenious  acid  is  tribasic,  and  that  it 
differs  in  this  respect  from  phosphorous  acid,  in  which  only  two  atoms  of 
hydrogen  can  be  replaced  by  metals.  ^^     The  feeble  acid  character  of 

arrangement  of  the  atoms  in  the  molecule — but  probably  only  depend  on,  a  difference  in 
the  distribution  of  the  molecules,  or,  in  other  terms,  are  physical  and  not  chemical 
variations.  One  part  of  the  vitreous  anhydride  requires  tivelve  parts  of  boiling  water 
for  its  solution,  or  twenty-five  parts  at  the  ordinary  temperature.  The  ox^aque  variety  is 
less  soluble,  and  at  the  ordinary  temperature  requires  about  seventy  parts  of  water  for 
its  solution. 

■^'  Arsenious  anhydi-ide  does  not  oxidise  in  air,  either  in  a  dry  state  or  in  solution, 
but  in  the  presence  of  alkalis  it  absorbs  oxygen  from  the  air,  and  acts  as  an  excellent 
reducing  agent.  This  probably  is  comiected  with  the  fact  that  arsenic  acid  is  much 
more  energetic  than  arsenious  acid,  and  that  it  is  arsenic  acid  which  is  formed  by  the 
oxidation  of  the  latter  in  the  presence  of  alkalis.  Atsenious  anhydride  is  easily  reduced 
to  arsenic  by  many  metals,  even  by  copper. 

^^  The  feebleness  of  the  acid  properties  of  arsenious  anhydride  is  seen  in  the  fact  that  if 
it  be  dissolved  in  ammonia  water,  and  then  a  still  stronger  solution  of  ammonia  be  added, 
prismatic  crystals  separate  having  the  composition  of  ammonium  metarsenite,  NH4ASO5. 
This  ammonium  salt  deliquesces  in  air,  and  loses  all  its  ammonia.  The  magnesium  salt 
is  tri-metallic,  Mg5(As05).i ;  it  is  insoluble  in  water,  and  is  formed  by  mixing  an  animo- 
uiacal  solution  of  arsenious  anhydride  with  an  ammoniacal  solution  of  a  magnesium  salt. 
It  is  insoluble  even  in  ammonia,  although  it  dissolves  in  an  excess  of  acids.  Magnesium 
hydroxide  gives  the  same  salt  with  arsenious  solutions,  and  hence  magnesia  is  one  of 
the  best  antidotes  for  arsenic  poisoning.  The  arsenites  of  copper  are  much  used  in 
the  manufacture  of  colours,  more  especially  of  pigments.  They  are  distinguished  by 
their  insolubility  in  water  and  by  their  remarkably  vivid  green  colour,  but  at  the  same 
time  by  their  poisonous  character.  Not  only  do  such  pigments  applied  to  wall  papers  or 
other  materials  easily  dust  off  from  them,  but  they  give  exhalations  containing  ASH5.  The 
cupric  salts,  CuXg,  when  mixed  with  an  alkaline  solution  of  arsenious  acid,  give  a  green 
precipitate  of  a  copper  salt  called  Scheele's  green.  Its  composition  is  probably  CuHAsOs- 
Ammonia  dissolves  it,  and  gives  a  colourless  solution,  containing  cuprous  arsenate — that 
is,  the  cupric  compound  is  reduced  and  the  arsenic  subjected  to  a  further  oxidation. 
The  so-called  Schweinfurt  green  was  still  more  used,  especially  in  former  times ;  it  is 
an  insoluble  green  cupric  salt,  which  resembles  the  preceding  in  many  respects,  but 
has  a  different  tint.  It  is  prepared  by  mixing  boiling  solutions  of  arsenious  acid  and 
cupric  acetate.  Arsenious  acid  forms  an  insoluble  compound  with  ferric  hydroxide,  re- 
sembhng  the  phosphate  ;  and  this  is  the  reason  why  freshly  precipitated  oxide  of  iron  is 
employed  as  an  antidote  for  arsenic.  The  freshly  precipitated  oxide  of  iron,  taken  im- 
mediately after  poisoning  by  arsenic,  converts  the  arsenious  acid  into  an  insoluble  state, 
by  forming  a  compound  on  which  the  acids  of  the  stomach  have  no  action,  so  that  the 
poisoning  cannot  proceed.     It  is   remarkable   that  the   inhabitants   of   certain   moun- 
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arsenious  anhydride  is  continued  liy  the  formation  of  saline  compounds 
with  acids.  In  this  respect  the  most  remarkable  example  is  the 
anhydrous  compound  with  sulphuric  acid,  ha\ing  the  composition 
AsjOjjSOj.  It  is  formed  in  the  roasting  of  arsenical  pyrites  in  those 
spaces  where  the  arsenious  anhydride  condenses,  a  portion  of  the 
sulphurous  anhydride  being  converted  into  sulphuric  anhydride,  SO., 
at  the  expense  of  the  oxygen  of  the  air.  The  compound  in  question 
forms  colourless  tabular  crystals,  which  are  decomposed  by  water  with 
formation  of  sulphuric  acid  and  arsenious  anhydride.'^ 

Antimony  (stibium),  Sb=120,  is  another  analogue  of  phosphorus. 
In  its  external  appearance  and  the  properties  of  its  compounds  it  re- 
sembles the  metals  still  more  closely  than  arsenic.  In  fact,  antimony 
has  the  appearance,  lustre,  and  many  of  the  characteristic  properties  of 
the  metals.  Its  oxide,  SbjO,,  exhibits  the  earthy  appearance  of  rust 
or  of  lime,  and  has  distinctly  basic  properties,  although  it  corresponds 
with  nitrous  and  phosphorous  anhydride,  and  is  able,  like  them,  to  give 
saline  compounds  with  bases.  At  the  same  time  antimony  presents,  in 
the  majority  of  its  compounds,  an  entire  analogy  with  phosphorus  and 
arsenic.  Its  compounds  belong  to  the  type  SbXj  and  SbX,.  It  is 
found  in  nature  chiefly  in  the  form  of  sulphide,  Sb^Sj.  This  substance 
sometimes  occurs  in  large  masses  in  mineral  veins  and  is  known  in 
mineralogy  under  the  name  of  antimony  glance  or  stibnite,  and  com- 
mercially as  aiithnony  (Chapter  XX.,  Note  29).  The  most  abundant 
deposits  of  antimony  ore  occur  in  Portugal  (near  Oporto  on  the  Douro). 
Besides  which  antimony  partially  or  totally  replaces  arsenic  in  some 
minerals  ;  thus,  for  example,  a  compound  of  antimony  sulphide  and 
arsenic  sulphide  with  silver  sulphide  is  found  in  red  silver  ore.  But  in 
every  case  antimony  is  a  rather  rare  metal  found  in  few  localities.  In 
Russia  it  is  known  to  occur  in  Daghestan  in  the  Caucasus.  It  is 
extracted  chiefly  for  the  preparation  of  alloys  with  lead  and  tin, 
which  are  used  for  casting  printing  type.*'"     Some  of  its  compounds  are 

tainous  countries  aei.'Ustom  themselveB  to  taking  arsenic,  as  a  means  which,  according  to 
their  experience,  helps  to  overcome  the  fatigue  of  mountain  ascents.  Arsenious  aiiiydride 
and  certain  of  its  salts  are  also  used  in  medicine,  naturally  only  in  small  quantities. 
When  taken  internally  arsenic  passes  into  the  blood,  and  is  mainly  excreted  by  the 
urine. 

j'  Adie  (iKH'.ij  obtained  compounds  of  As.jOs  with  1,  2,  i,  and  8  SO3  by  the  direct 
action  of  ordinary  and  Nordhausen  sulphuric  acid  upon  Ab.iO-.  Weber  had  previously 
obtained  As-^OsSOj  (which  disengages  SO^  at  225°J,  and  also  other  As-^Os'iSO;  (where 
/( =  S,  6,  and  H),  by  the  action  of  the  vapours  of  SO3  upon  A8.2O3  at  a  definite  temperature. 
The  compound  AsoO-.HSO^  loses  SO;  at  100°.  Oxide  of  antimony,  SbjOj,  gives  similar 
compounds.  Adie  (1891)  also  obtained  (by  the  action  of  SO3  upon  H5PO4)  a  compound 
H5PO43SO3  in  the  form  of  a  viscous  liquid  decomposed  by  water. 

^'^  Printers'  type  consists  of  an  alloy  known  as  '  type-metal,'  containing  usually 
about  15  parts  of  antimony  to  85  parts  of  lead  ;  sometimes  (for  example,  for  stereotypes) 
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also  used  in  medicine,  the  most  important  in  this  respect  being  antimony 
pentasulphide,  Sb2S5  {sulfur  auratum  antiinonii),  and  tartar  emetic, 
which  is  a  double  salt  derived  from  tartaric  acid  and  has  the  composi- 
tion C4H4K(SbO)0|;.  Even  the  native  antimony  sulphide  is  used  in 
large  quantities  as  a  purgative  for  horses  and  dogs.  Metallic  antimony 
is  extracted  from  the  glance,  SbgS,,  by  roasting,  when  the  sulphur 
burns  away  and  the  antimony  oxidises,  forming  the  oxide  SbjOg,  which 
is  then  heated  with  charcoal,  and  thus  reduced  to  a  metallic  state.  The 
reduction  may  be  carried  on  in  the  laboratory  on  a  small  scale  by 
fusing  the  sulphide  with  iron  which  takes  up  the  sulphur.'""'''' 

Metallic  antimony  has  a  white  colour  and  a  brilliant  lustre  ;  it 
remains  untarnished  in  the  air,  for  the  metal  does  not  oxidise  at  the 
ordinary  temperature.  It  crystallises  in  rhombohedra,  and  always 
shows  a  distinctly  crystalline  structure  which  gives  it  quite  a  different 
aspect  from  the  majority  of  the  metals  yet  known.  It  is  most  like 
tellurium  in  this  respect.  Antimony  is  brittle,  so  that  it  is  very  easily 
powdered  ;  its  specific  gravity  is  6'7,  it  melts  at  about  432°,  but  only 
volatilises  at  a  bright  red  heat.  When  heated  in  the  air — for  instance, 
before  the  blow-pipe — it  burns  and  gives  white  odourless  fumes,  con- 
sisting of  the  oxide.  This  oxide  is  termed  antimonious  oxide,  although 
it  might  as  well  be  termed  antimonious  anhydride.  It  is  given  the 
first  name  because  in  the  majority  of  cases  its  compounds  with  acids 
are  used,  but  it  forms  compounds  with  the  alkalis  just  as  easily. 

Antimonious  oxide,  like  arsenious  anhydride,  crystallises  either  in 
regular  octahedra  or  in  rhombic  prisms  ;  its  specific  gravity  is  5'56  ;  when 
heated  it  becomes  yellow  and  then  fuses,  and  when  further  heated  in  air 
it  oxidises,  forming  an  oxide  of  the  composition  8b204.  Antimonious 
oxide  is  insoluble  in  water  and  in  nitric  acid,  but  it  easily  dissolves  in 
strong  hydrochloric  acid  and  in  alkalis,  as  well  as  in  tartaric  acid  or 
solutions  of  its  acid  salts.  When  dissolved  in  the  latter  it  forms  tartar 
emetic.     It  is  precipitated  from  its  solutions  in  alkalis  and  acids  (by 

from  10  to  15  per  cent.  Bi  or  8  per  cent.  Sn  and  even  Cu  is  added.  The  hardness  of  the 
alloy,  which  is  essential  for  printing,  evidently  depends  upon  the  presence  of  antimony, 
but  an  excess  must  be  avoided,  since  this  renders  the  alloy  brittle,  and  the  type  after  a 
time  loses  its  sharpness. 

4»  bis  Antimony  is  prepared  in  a  state  of  greater  purity  by  heating  with  charcoal  the 
oxide  obtained  by  the  action  of  nitric  acid  on  the  impure  commercial  metallic  antimony. 
This  is  based  on  the  fact  that  by  the  action  of  the  acid,  antimony  forms  the  oxide  SbiO^, 
which  is  but  slightly  soluble  in  water.  The  arsenic,  which  is  nearly  always  present,  forms 
soluble  arsenious  and  arsenic  acids,  and  remains  in  solution.  The  purest  antimony  is 
easily  obtained  from  tartar  emetic,  by  heating  it  with  a  small  quantity  of  nitre.  Metallic 
antimony  also  occurs,  although  rarely,  native  ;  and  as  it  is  very  easily  obtained,  it  was 
known  to  the  alchemists  of  the  fifteenth  century.  Very  pure  metallic  antimony  may  be 
deposited  by  the  electric  current  from  a  solution  of  antimonious  sulphide  in  sodium 
sulphide  after  the  addition  of  sodium  chloride  to  the  solution. 
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the  action  of  acids  on  the  former  and  alkalis  on  the  latter).  It  occurs 
native  but  rarely.  As  a  base  it  gives  salts  of  the  type  SbOX  (as  if  the 
basic  salts=:SbX3,Sb203)  and  hardly  ever  forms  salts,  SbXj.  In  the 
antimonyl  salts,  SbOX,  the  group  SbO  is  univalent,  like  potassium  or 
silver.  The  oxide  itself  is  (SbO)20,  the  hydroxide,  SbO(OH),  &c. ; 
tartar  emetic  is  a  salt  in  which  one  hydrogen  of  tartaric  acid  is  replaced 
by  potassium  and  the  other  by  antimonyl,  SbO.  Antimonious  oxide  is 
\ery  easily  separated  from  its  salts  by  any  base,  but  it  must  be  observed 
that  this  separation  does  not  take  place  in  the  presence  of  tartaric  acid, 
owing  to  the  property  of  tartaric  acid  of  forming  a  soluble  double  salt 
— i.e.  tartar  emetic.'" 

If  metallic  antimony,  or  antimonious  oxide,  be  oxidised  by  an  excess 
of  nitric  acid  and  the  resultant  mass  be  carefully  evaporated  to  dryness, 
metantimonic  acid,  SbBLOg,  is  formed.  Its  corresponding  potassium 
salt,  2SbK03,5H20,  is  prepared  by  fusing  metallic  antimony  with 
one-fourth  its  weight  of  nitre  and  washing  the  resultant  mass  with 
cold  water.  This  potassium  salt  is  only  slightly  soluble  in  water  (in 
50  parts)  and  the  sodium  salt  is  still  less  so.  An  ortho-acid,  SbH304, 
also  appears  to  exist  ;  ' '  ''^°  it  is  obtained  by  the  action  of  water  on 
antimony  pentachloride,  but  it  is  very  unstable,  like  the  pentaohloride, 
SbCl.5,  itself,  which  easily  gives  up  CI2,  leaving  antimony  trichloride, 
SbClg,  and  this  is  decomposed  by  water,  forming  an  oxychloride — 
SbOCl,  only  slightly  soluble  in  water.     When  antimonic  acid  is  heated 

^^  As  antimonious  oxide  answers  to  the  type  SbX-,  it  is  evident  that  compounds  may 
exist  in  which  antimony  will  replace  three  atoms  of  hydi-ogen  ;  such  compounds  have 
been  to  some  extent  obtained,  but  they  are  easily  converted  by  water  into  substances 
corresponding  with  the  ordinary  formulae  of  the  compounds  of  antimony.  Thus  tartar 
emetic,  C4H4(SbO)KOe,  loses  water  when  heated,  and  forms  C^HjSbKOe— that  is, 
tartaric  acid,  C^HgOej  in  which  one  atom  of  hydrogen  is  replaced  by  potassium  and 
three  by  antimony.  But  this  substance  is  re-converted  into  tartar  emetic  by  the  action 
of  water. 

A  similar  compound  is  seen  in  that  intermediate  oxide  of  antimony  which  is  formed 
when  antimonious  oxide  is  heated  in  air :  its  composition  is  Sb02  or  Sb204.  This 
oxide  may  be  regarded  as  orthantimonic  acid,  SbO(HO)3,  in  which  tliree  atoms  of 
hydrogen  are  replaced  by  antimony  in  that  state  in  which  it  occurs  in  oxide  of  antimony 
— i.e.  SbO(Sb03)  =  Sbo04.  Oxide  of  antimony  is  also  formed  when  antimonic  acid  is 
ignited ;  it  then  loses  water  and  oxygen,  and  gives  this  intermediate  oxide  as  a  white 
infusible  powder,  of  sp.  gr.  6'7.  It  is  somewhat  soluble  in  water,  and  gives  a  solution 
which  turns  litmus  paper  red. 

41  bis  Beilstein  and  Blaese  (1889),  after  preparing  many  salts  of  antimonic  acid,  came 
to  the  conclusion  that  it  is  monobasic,  but  all  the  salts  still  contain  water,  so  that  their 
general  type  is  mostly :  MSbOjSHjO,  for  example,  M  =  Li,  Hg  (salts  of  the  suboxide), 
^  Pb,  &c.  The  type  of  the  ortho-salts,  M2Sb04,  is  quite  unknown,  although  it  is  reproduced 
in  the  thio-compotmds,  for  instance,  Sehlippe's  salt,  Na.,SbS4,  but  this  salt  also  contains 
water  of  crystallisation,  BHjO  (Chapter  XX.,  Note  29). 
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to  an  incipient  red  heat,  it  parts  with  water  and  forms  the  anhydride, 
Sb.^O.^,  of  a  yellow  colour  and  specific  gravity  6-5S^ 

The    heaviest    analogue    of   nitrogen    and    phosphorus   is    hismuthj 

'^^  Among  the  other  compounds  of  antimony,  antimoviuretfed  hydrogen,  SbH-,  re- 
sembles arseniuretted  hydi-ogen  in  its  mode  of  formation  and  properties  (it  sphts  up  at 
ISO'^,  Brunn  1890 ;  when  Hquified,  it  boils  at  —  65°  and  solidifies  at  —  92°),  whilst  the  halogen 
compomids  differ  in  many  respects  from  those  of  arsenic.  When  chlorine  is  passed  over 
an  excess  of  antimony  powder,  it  forms  antimovy  tricliloHde,  SbCl^,  but  if  the  chlorine 
be  in  excess  it  forms  the  pe/Uachloride,  SbCls.  The  trichloride  is  a  crystalline  sub- 
stance which  melts  at  72°  and  distils  at  230°,  whilst  the  peutachloride  is  a  yellow 
liquid,  which  splits  up  into  chlorine  and  the  trichloride  when  heated ;  at  140°  it  begins 
to  give  off  chlorine  abundantly,  carrying  away  the  vapour  of  the  trichloride  with  it ;  and 
at  200°  the  decomposition  is  complete,  and  pure  antimonious  cliloride  only  passes  over. 
This  property  of  antimony  peutachloride  has  caused  it  to  be  applied  in  many  cases  for 
the  transference  of  chlorine ;  all  the  more  that  when  it  has  given  up  its  chlorine,  it 
leaves  the  tricUoride,  which  is  able  to  absorb  a  fresh  amount  of  chlorine;  and  therefore 
many  substances  which  are  unable  to  react  directly  with  gaseous  chlorine  do  so  with 
antimony  pentacliloride,  and  i'^the  presence  of  a  small  quantity  of  it  chlorine  will  acton 
them,  just  as  oxygen  is  able,  in  the  presence  of  nitrogen  oxides,  to  oxidise  substances 
which  could  not  be  oxidised  by  means  of  free  oxygen.  Thus  carbon  bisulphide  is  not 
acted  on  by  chlorine  at  low  temperatures — this  reaction  requires  a  high  temperature 
— but  in  the  presence  of  antimony  peutachloride  its  conversion  into  carbon  tetrachloride 
takes  place  at  low  temperatures.  Antimony  tri-  and  peutachloride,  having  the 
character  of  chloranhydrides,  fume  in  air,  attract  moisture,  and  are  decomposed  by 
water,  forming  antimonious  and  antimonic  acids.  But  in  the  first  action  of  water  the 
trichloride  does  not  evolve  all  its  clilorine  as  hydrochloric  acid,  which  is  intelligible  in 
view  of  the  fact  that  antimonious  anhydride  is  also  a  base,  and  is  therefore  able  to 
react  with  acids ;  indeed  antimony  suli^hide  dissolved  in  an  excess  of  hydrocliloric  acid 
(hydrogen  sulphide  is  evolved)  gives  an  aqueous  solution  of  antimony  trichloride,  which, 
when  carefully  distilled,  even  gives  the  anhydrous  compound  Antimony  tricliloride  ia 
only  decomposed  by  an  excess  of  water,  and  then  not  completely,  for  with  a  large  quantity 
of  water  it  forms  2^oioder  of  algarotli — i.e.  antimony  oxychloride  The  first  action  of 
water  consists  in  the  formation  of  oxijchloride,  SbOCl — that  is,  a  salt  corresponding  to 
oxide  of  antimony  as  a  base.  If  antimony  oxide  or  antimony  chloride  be  dissolved  in  an 
excess  of  hydrochloric  acid,  and  the  solution  diluted  with  a  considerable  amount  of 
water,  then  this  same  powder  of  algaroth  is  precipitated.  The  composition  varies  with 
the  relative  amount  of  water ;  namely,  between  the  limits  SbOCl  and  Sb^O^CLi.  The 
latter  compound  is,  as  it  were,  a  basic  salt  of  the  former,  because  its  composition 
=  2(SbOCl)Sbo05. 

"With  bromine  and  iodine,  antimony  forms  compounds  similar  to  those  with  chlorine. 
Antimonious  bromide,  SbBr-^,  crystallises  in  colourless  prisms,  melts  at  94°,  and  boils  at 
270°  ;  antimonious  iodide,  Sbl^,  i'oims  red  crystals  of  sp.  gr.  5"0  ;  antimony  trifluoride, 
Sbi?3  separates  from  a  solution  of  antimonious  oxide  in  hydrofluoric  acid,  and  SbF^  is 
formed  by  a  similar  treatment  of  antimonic  acid.  The  latter  gives  easily-soluble  double- 
salts  with  the  fluorides  of  the  metals  of  the  alkalis. 

De  Haen  (1887)  obtained  very  stable  double  soluble  salts,  SbFg,KCl  (100  parts  of 
water  dissolve  57  parts  of  salt),  SbP5,K2SOj,  &c.,  which  he  proposed  to  make  use  of  in 
the  arts  as  very  easily  cry stalli sable  and  soluble  salts  of  antimony, 

Engel,  by  passing  hydrochloric  acid  gas  into  a  saturated  solution  of  antimonious- 
chloride  at  0°,  obtained  a  compound  HCl,2SbCl-,2H.iO,  and  with  the  pentacliloride  a 
compound  SbC]5,5HCl,10H2O.     Bismuth  trichloride,  BiCl-,  gives  a  similar  compound. 

Saunders  (1892)  obtained  5RbCl,3SbCl5  and  EbCl,SbCl5  Ditte  and  Metzner  (1892) 
showed  that  Sb  and  Bi  dissolve  in  hydrochloric  acid  only  owing  to  the  participation  of 
the  oxygen  of  the  air  or  of  that  dissolved  in  the  acid 
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Bi  =  208.  Here,  as  in  the  other  groups,  the  basic,  metallic,  proper- 
ties increase  with  the  atomic  weight.  Bismuth  does  not  give  any 
hvdrogen  compound  and  the  highest  oxide,  Bi.,Os,  is  a  very  feeble 
acid  oxide.  Bismuthous  oxide,  BijOj,  is  a  base,  and  bismuth  itself 
a  perfect  metal.  To  explain  the  other  properties  of  bismuth  it  must 
further  be  remarked  that  in  the  eleventh  series  it  follows  mercury, 
thallium  and  lead,  whose  atomic  weights  are  near  to  that  of  bisQiuth, 
and  that  therefore  it  resembles  them  and  more  especially  its  nearest 
neighbour,  lead.  Although  PbO  and  PbO.,  represent  types  different 
from  Bi.,03  and  Bi.jCij,  they  resemble  them  in  many  respects,  even  in 
their  external  appearance,  moreover  the  lower  oxides  both  of  Pb  and  Bi 
are  basic  and  the  higher  acid,  which  easily  evolve  o.xygen.  But  judging 
by  the  formula,  BijOj  is  a  more  feeble  base  than  PbO.  They  both  easily 
Sfive  basic  salts. 

Bismuth  forms  compounds  of  two  types,  BiXg  and  BiX;:,/^  which 
entirely  recall  the  two  types  we  have  already  established  for  the 
coDipounds  of  lead.  Just  as  in  the  case  of  lead,  the  type  PbX^  is 
basic,  stable,  easily  formed,  and  passes  with  difficulty  into  the  higher 
and  lower  types,  which  are  unstable,  so  also  in  the  case  of  bismuth  the 
type  of  combination  BiXg  is  the  usual  basic  form.  The  higher  type  of 
combination,  BiX^,^^  in  fact  behaves  toward  this  stable  type,  BiXg,  in 
exactly  the  same  manner  as  lead  dioxide  does  to  the  monoxide  :  and 
Ijismuthic  acid  is  obtained  by  the  action  of  chlorine  on  bismuth  oxide 
suspended  in  water,  in  exactly  the  same  way  as  lead  dioxide  is  obtained 

^^  MetiiUic  bismuth  is  very  easily  obtained  wheu  the  compounds  of  the  oxide  are 
reduced  by  powerful  reducing  agents,  but  when  less  powerful  reducing  agents-for 
example,  stannous  oxide — are  taken,  bismuth  suboxide  is  formed  as  a  black  erystnUine 
powder.  It  is  a  compound  of  the  type  BiX.i,  its  composition  being  BiO ;  it  is  decomposed 
bv  acids  into  the  metal  and  oxide,  wliich  passes  into  solution. 

^^  The  type  BiXg  is  represented  by  the  pentoxide,  Bi205,  its  metahydrate,  Bi.i05,H.>0, 
or  BiHOs,  known  as  bismuthic  acid,  and  the  pyrohydrate,  Bi.iB[407.  Bismutli  pentoxide 
is  obtained  by  the  prolonged  passage  of  chlorine  through  a  boiling  solution  of  potassium 
hydroxide  (sp.  gr.  l'38j,  containing  bismuth  oxide  in  suspension ;  the  precipitate  is 
washed  with  water,  with  boiling  nitric  acid  (but  not  for  long,  as  otherwise  the  bismuthic 
acid  is  decomposed),  then  again  with  water,  and  finally  the  resultant  bright  red  powder  of 
the  hydrate  BiH05  is  dried  at  1"25°-  The  prolonged  action  of  nitric  acid  on  bismuthic 
anhydride,  BijOs,  results  in  the  formation  of  the  compound  Bi204,H.iO,  which  decomposes 
in  moist  air,  forming  Bi.i05.  The  density  of  bismutliic  anhydride  is  o'lO.  of  the  tetroxide, 
BioOi,  o"60,  and  of  bismuthic  acid,  BiH05,  5'75.  Pyrobismuthic  acid,  BioH^Oyj  forms 
a  brown  powder,  wliich  loses  a  portion  of  its  water  at  150°,  and  decomposes  on  further 
heating,  with  the  evolution  of  oxygen  and  water.  It  is  obtained  by  the  action  of  potas- 
sium ovanide  on  a  solution  of  bismuth  nitrate.  The  meta-salts  of  bismuthic  acid  are 
known,  for  example  KBiO^.  They  generally  occur, howe\er,  in  combinations  with  meta- 
bismuthic  acid  itself.  Thus  Andre  (1891)  took  a  solution  of  the  double  salt  of  BiBrs  and 
KBr,  treated  it  with  bromine  after  adding  ammonia,  and  obtained  a  red-brown  precipi- 
tate, which  after  being  washed  {for  several  weeks)  had  the  composition  KBiOj,  HBiOs 
When  washed  with  dilute  nitric  acid  this  salt  gave  bismuthic  acid. 
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from  lead  oxide.  It  is  an  oxidising  agent  like  lead  dioxide,  and  even 
the  acid  character  in  bismuthic  acid  is  oidy  slightly  more  developed 
than  in  lead  dioxide.  Here,  as  in  the  case  of  lead  (minium),  inter- 
mediate compounds  are  easily  formed  in  which  the  bismuth  of  the 
lower  oxide  plays  the  part  of  a  base  combined  with  the  acid  which  is 
formed  by  the  higher  form  of  the  oxidation  of  bismuth. 

In  nature,  bismuth  occurs  in  only  a  few  localities  and  in  small 
quantities,  most  frequently  in  a  native  state,  and  more  rarely  as  oxide 
and  as  a  compound  of  bismuth  sulphide  with  the  sulphides  of  other 
metals,  and  sometimes  in  gold  ores.  It  is  extracted  from  its  native  ores 
by  simple  fusion  in  the  furnace  shown  in  fig.  85.  This  furnace  contains 
an  inclined  iron  retort,  into 
the  upper  extremity  of 
which  the  ore  is  charged, 
and  the  molten  metal  iiows 
from  the  lower  extremity. 
It  is  refined  by  re-melting, 
and  the  pure  metal  may  be 
obtained  by  dissolving  in 
nitric  acid,  decomposing  the 
resultant  salt  with  water, 
andreducing  theprecipitate 
by  heating  it  with  charcoal. 
Bismuth  is  a  metal  which 
crystallises  very  well  from  a  molten  state.  Its  specific  gravity  is  9-8  ; 
it  melts  at  269°,  and  if  it  be  melted  in  a  crucible,  allowed  to  cool  slowly, 
and  the  crust  broken  and  the  remaining  molten  liquid  poured  out,  perfect 
rhombohedral  crystals  of  bismuth  are  obtained  on  the  sides  of  the 
crucible.'*'"'^*  It  is  brittle,  has  a  grey-coloured  fracture  with  a  reddish 
lustre,  is  not  hard,  and  is  but  very  slightly  ductile  and  malleable  ;  it 
volatilises  at  a  white  heat  and  easily  oxidises.  It  recalls  antimony  and 
lead  in  many  of  its  properties.  When  oxidised  in  air,  or  when  the 
nitrate  is  ignited,  bismuth  forms  the  oxide,  BijOj,  as  a  white  powder 
which  fuses  when  heated  and  resembles  massicot.  The  addition  of  an 
excess  of  caustic  potash  to  a  solution  of  a  bismuthous  salt  gives  a  white 
precipitate  of  the  hydroxide,  BiO(OH),  which  loses  its  water  and  gives 

41  bis  Herard  (1889)  obtained  a  peculiar  variety  of  bismuth  by  heating  pure  crystalline 
bismuth  to  a  bright  red  heat  in  a  stream  of  nitrogen,  A  greenish  vapour  was  deposited 
in  the  cooler  portions  of  the  apparatus  in  the  form  of  <i  grey  powder,  wliicli  under  the 
microscope  had  the  appearance  of  minute  globules.  An  atmosphere  of  nitrogen  is 
necessary  for  this  tranformation,  other  gases  such  as  hydrogen  and  carbonic  oxide  do  not 
favour  the  transition.  The  resultant  amorphous  bismuth  fuses  at  410°  (the  crystalline 
variety  at  269°),  sp.  gr.  9*483.    (Does  it  not  contain  a  nitride  ?) 


-Purnace  usal  for  tlie  extraction  of  bismuth 
from  its  ores. 
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the  anhydrous  oxide  when  boiled  with  a  solution  of  caustic  potash 
Both  the  hydroxide  and  oxide  easily  dissolve  in  acids  and  form  bis 
muthous  salts. 

Bismuthous  o.vidi',  BUO3,  is  a  feeble  and  unenergetic  base.  The 
normal  hydroxide  of  the  oxide  BijOj  is  Bi(0H)3 ;  it  parts  with  water 
and  forms  a  metahydroxide  (bismuthyl  hydroxide),  BiO(OH).  Both  of 
these  hydroxides  have  their  corresponding  saline  compounds  of  the 
composition  BiXj  and  BiOX.  And  the  form  BiOX  is  nothing  else  but 
the  type  of  the  basic  salt,  because  3ROX=B,X  +  R.203.  It  is  evident 
that  in  the  type  BiX3  the  bismuth  replaces  three  atoms  of  hydrogen. 
And  indeed  with  phosphoric  acid  solutions  of  the  bismuthous  salts 
give  a  precipitate  of  the  composition  BiP04.  On  the  other  hand,  in 
the  form  of  compounds  BiOX  or  Bi(0H)2X,  the  univalent  group  (BiO) 
or  (BiH20.2)  is  combined  with  X.  Many  bismuth  salts  are  formed 
according  to  the  type  BiOX.  For  instance  the  carbonate,  (Bi0)2C03, 
which  corresponds  with  the  other  carbonates  M.2CO3.  It  is  obtained 
as  a  white  precipitate  when  a  solution  of  sodium  carbonate  is  added  to 
a  solution  of  a  bismuth  salt.^-"  The  compound  radicle  BiO  is  not  a 
special  natural  grouping,  as  it  was  formerly  represented  to  be  ;  it  is 
simply  a  mode  of  expression  for  showing  the  relation  between  the  com- 
pound in  question  and  the  compounds  of  other  oxides. 

Three  salts  of  nitric  acid  are  known  containing  bismuthous 
oxide.  If  metallic  bismuth  or  its  oxide  be  dissolved  in  nitric  acid,  it 
forms  a  colourless  transparent  solution  containing  a  salt  which  sepa- 
rates in  large  transparent  crystals  containing  Bi(N03)3,5H20.  When 
heated  at  80°  these  crystals  melt  in  their  water  of  crystallisation,  and 
in  so  doing  lose  a  portion  of  their  nitric  acid  together  with  water, 
forming  a  salt  whose  empirical  formula  is  BijNjHjOg.  If  the  preceding 
salt  belongs  to  the  type  BiXg,  this  one  should  belong  to  the  form 
BiOX,  because  it=BiO(N03)  +  Bi(H202)(N03).  This  salt  may  be 
heated  to  150°  without  change.  When  the  first  colourless  crystalline 
salt  dissolves  in  water  it  is  decoinposed.  There  is  no  decomposition  if 
an  excess  of  acid  be  added  to  the  water — that  is  to  say,  the  salt  is  able 
to  exist  in  an  acid  solution  without  decomposing,  without  separation  of 
the  so-called  basic  salt — but  by  itself  it  cannot  be  kept  in  solution  ;  water 
decomposes  this  salt,  acting  on  it  like  an  alkali.  In  other  words  the 
basic  properties  of  bismuthic  oxide  are  so  feeble  that  even  water  acts  by 
taking  up  a  portion  of  the  acid  from  it.  Here  we  see  one  of  the  most 
striking  facts,  long  since  observed,  confirming  that  action  of  water  on 
salts  about  which  we  have  spoken  in  Chapter  X.  and  elsewhere.     This 

^^  Basic  bismuth  carbonate  is  employed  for  whitening  the  skin  (veloutine,  &c.) 
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action  on  water  may  be  expressed  thus: — BiX3  +  2H;,r)=Bi(OH)2X 
+  2XH.  A  salt  of  the  type  Bi(OH)aX  is  obtained  in  the  precipitate. 
But  if  the  quantity  of  acid,  HX,  be  increased,  the  salt  BiX^  is 
again  formed  and  passes  into  solution.  The  quantity  of  the  salt  BiOX 
which  passes  into  solution  on  the  addition  of  a  gi^en  quantity  of  acid 
depends  indisputably  on  the  amount  (mass)  of  water  (Muir).  The 
solution,  which  is  perfectly  transparent  with  a  small  amount  of  water, 
becomes  cloudy  and  deposits  the  salt  of  the  type  BiOX,  when 
diluted.  The  white  flaky  precipitate  of  Bi(OH)2N03  formed  from  the 
normal  salt  Bi(N03)3  by  mi.ting  it  with  five  parts  of  water,  and  in 
general  with  a  small  amount  of  water,  is  used  in  medicine  under  the 
name  of  magistery  of  bismuth.'"' 

Metallic  bismuth  is  used  in  the  preparation  of  fusible  alloys.  The 
addition  of  bismuth  to  many  metals  renders  them  very  hard,  and  at  the 
same  time  generally  lowers  their  melting  point  to  a  considerable  extent. 
Thus  Wood's  metal,  which  contains  one  part  of  cadmium,  one  part  of 
tin,  two  parts  of  lead,  and  four  parts  of  bismuth,  fuses  at  about  60°,  and 
in  general  many  alloys  composed  of  bismuth,  tin,  lead,  and  antimony 
melt  below  or  about  the  boiling  point  of  water.''" 

■"J  "With  an  excess  of  water  a  further  quantity  of  acid  is  separated  and  a  still  more  basic 
salt  formed.  The  ultimate  product,  on  which  an  excess  of  water  has  apparently  no 
action  whatever,  is  a  substance  having  the  composition  BiO(N03).BiO(OH).  In  the 
latter  salt  we  see  the  limit  of  change,  and  this  limit  a^ppears  to  show  that  the  type 
of  the  saline  compounds  of  bismuthic  oxide  is  of  the  form  BioXp,  and  not  BiX^ ; 
but  it  is  very  probable,  on  the  basis  of  the  examples  which  we  considered  in  the  case  of 
lead,  that  this  type  should  be  still  further  polymerised  in  order  to  give  a  correct  idea  of  the 
type  of  the  bismuthous  compounds.  If  we  refer  all  the  bismuthous  compounds  to  this 
type,  BioXg,  we  shall  obtain  the  following  expression  for  the  composition  of  the  nitrates  : 
normal  salt,  Bi2(NO;)5,  first  basic  salt,  Bi20(OH).,(N03)o,  magistery  of  bismuth, 
Bi.,(OH)4(N05)j,  and  the  limiting  form  Bi202(OH)(N05). 

The  general  character  of  bismuthous  oxide  in  its  compounds  is  well  exemplified 
in  the  nitrate ;  bismuthous  chloride,  BiCl^,  which  is  obtained  by  heating  bismuth 
in  chlorine,  or  by  dissolving  it  in  aqua  regia,  and  then  distilling  without  access  of 
air,  is  also  decomposed  by  water  in  exactly  the  same  manner,  and  forms  basic 
salts — for  instance,  first,  BiOCl,  like  the  above  salt  of  nitric  acid.  Bismuth 
chloride  boils  at  447°  and  probably  its  formula  is  BiCl^.  Polymerisation  may  take 
place  in  some  compounds  and  not  in  others.  A  volatile  comx^ound  of  the  composition 
Bi(C2H5)3  is  also  known  as  a  liquid  which  is  insoluble  in  water  and  decomposes  with 
explosion  when  heated  at  130°.  Double  salts  containing  chloride  of  bismuth  are  ; 
2(KCl)BiCl32H20  (from  a  solution  of  BioO-,  and  KCl  in  hydrochloric  acid)  and 
KClBiCljH.jO.  Bigham  (1892)  also  obtaijied  KBr(S04).i  in  tabular  crystals  by  treating 
the  above-named  double  salt  with  strong  sulphuric  acid.  The  composition  of  this  salt 
recalls  that  of  alum, 

■^^  As  the  metals  contained  in  alloys  like  the  above  (bismuth,  lead,  tin,  cadmium)  are 
difficultly  volatile  and  their  alloys  are  fusible,  they  may  be  employed  in  the  place  of  mer- 
cury inmany  physical  experiments  conducted  at  or  above  70°,  and  they  offer  the  advantage 
-  that  they  do  not  give  any  vapour  having  an  appreciable  tension  (mercury  at  100  ■",  0"75  mm.) 
Bismuth  expands  in  passing  into  a  molten  state,  but  it  has  a  temperature  of  maximum 
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Just  as  in  group  IT.,  side  by  side  wilh  the  elements  zinc,  cadmium, 
and  mercury  in  the  uneven  series,  we  found  calcium,  strontium,  and 
barium  in  the  even  series  ;  and  as  in  group  IV.,  parallel  to  silicon,  ger- 
manium,  tin,  and  lead,  we   noticed  thallium,  zirconium,  cerium,  and 
thorium  ;  so  also  in  group  V.  we  find,  beside  those  elements  of  the  un- 
even series  just  considered  by  us,  a  series  of  analogues  in  the  even  series, 
which,  with  a  certain  degree  of  similarity  (mainly  quantitative,  or  relative 
to  the  atomic  weights),  also  present  a  series  of  particular  (qualitative) 
independent  points  of  distinction.     In  the  even  series  are  known  vana- 
dium, which  stands  between  titanium  and  chromium,  niubiiim,  between 
zirconium  and  molybdenum,  and  tantalum,  situated  near  tungsten  (an 
element  of  group  VI.  like  chromium  and  molybdenum ).    Just  as  bismuth 
is  similar  in  many  respects  to  its  neighbour  lead,  so  also  do  these  neigh- 
bouring elements  resemble  each  othei-,  even  in  their  external  appearance, 
not  to  mention  the  quality  of  their  compounds,  naturally  taking  into 
account  the  differences  of  type  corresponding  with  the  different  groups. 
The  occurrence  in  group  V.  determines  the  type  of  tlie  oxides,  R^Oj 
and  E..2*  >.5,  and  the  development  of   an  acid  character  in  the   higher 
oxides.     The  occurrence  in  the  even  series  determines  the  absence  of 
volatile  compounds,  RHj,  for  these  metals,  and  a  more  basic  character 
of  the  oxides  of  a  gi\en  composition  than  in  the  uneven  series,  i'c.^* 
Vanadium,  niobium,  and  tantalum  belong  to  the  category  of  rare  metals, 
and  are  exceedingly  difficult  to  obtain  pure,  more  especially  owing  to 
their  similarity  to,  and  occurrence  with,  chromium,  tungsten  and  other 
metals,  and   also  in  combination    among    themselves  ;    therefore  it  is 
natural  that  they  have  been  far  from  completely  studied,  although  since 
;1860  chemists  have  devoted  not  a  little  time  to  their  investigation. 
The    researches    carried   out  by    Marignac,    at    Geneva,    on   niobium, 
and    by    Sir    Henry    Roscoe,   at    Manchestei",   on     \anadium    deserve 
special  attention.       The  undoubted  external  resemblance  of  the  com- 
pounds   of    chromium  and  "vanadium,  as    well  as   the   want   of   com- 
pleteness in  the  knowledge  of  the  compounds  of  vanadium,  long  caused 
its  oxides  to  be  considered  analogous  in  atomic  composition  to  those 
formed  by  chromium.     The  higher  oxide  of  vanadium  was  therefore 
supposed  to  have  the  formula  VO3.     But  the  fact  of  the  matter  is, 
that   the    chemical    analogy    of   the    elements    does    not   hold  in   one 
direction  only  ;  vanadium  is  at  one  and  the  same  time  the  analogue  of 

density.     According  to  Luedeking  the  mean  coefficient  of  expausiou  of  liquid  bismuth  is 
u-0000442  (between  STO'^  and  303'),  and  of  solid  bismuth  0-0000411. 

■'^  Although,  guided  by  Brauuer,  who  showed  that  didymium  gives  a  higher  oxide, 
DioO^,  I  place  this  element  in  the  fifth  group,  still  I  am  not  certain  as  to  its  position, 
because  I  consider  that  the  questions  relating  to  this  metal  are  still  far  from  being  deli- 
uitelv  answered. 
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chromium,  and  consequently  of  the  elements  like  sulphur  of  group  VI, 
and  also  the  analogue  of  phosphorus,  arsenic,  and  antimony  ;  just  as 
bismuth  stands  in  respect  to  lead  and  antimony.  Investigation  has 
shown  that  the  compounds  of  vanadium  are  always  accompanied  by  those 
of  phosphorus  as  well  as  of  iron,  and  that  it  is  even  more  difficult  to 
separate  it  from  the  compounds  of  phosphorus  than  from  those  of  iron 
and  tungsten.  We  should  have  to  extend  our  description  considerably 
if  we  wished  to  give  the  complete  history,  even  of  vanadium  alone,  not 
to  mention  niobium  and  tantalum,  all  the  more  as  questions  would  not 
unfrequently  arise  concerning  the  compounds  of  these  elements  which 
have  not  yet  been  fully  elucidated.  We  shall  therefore  limit  ourselves 
to  pointing  out  the  most  important  features  in  the  history  of  these 
elements,  the  more  so  since  the  minerals  themselves  in  which  they  occur 
are  exceedingly  rare  and  only  accessible  to  a  few  investigators. 

An  important  point  in  the  history  of  the  members  of  this  group 
is  the  circumstance  that  they  form  volatile  compounds  with  chlorine, 
similar  to  the  compounds  of  the  elements  of  the  phosphorus  group, 
namely,  of  the  type  RXj.  The  vapour  densities  of  the  compounds 
of  this  kind  were  determined,  and  served  as  the  most  important 
basis  for  the  explanation  of  the  atomic  composition  of  these  molecules. 
In  this  we  see  the  power  of  general  and  fundamental  laws,  like  the 
law  of  Avogadro-Gerhardt.  An  oxychloride,  YOCI3,  is  known  for 
vanadium,  which  is  the  perfect  analogue  of  phosphorus  oxychloride. 
It  was  formerly  considered  to  be  vanadium  chloride,  for  just  as  in 
the  case  of  uranium  (Chapter  XXI.),  its  lower  oxide,  VO,  was  con- 
sidered to  be  the  metal,  because  it  is  exceedingly  difficultly  reduced — 
even  potassium  does  not  remove  all  the  oxygen,  besides  which  it  has 
a  metallic  appearance,  and  decomposes  acids  like  a  metal  ;  in  a  word,  it 
simulates  a  metal  in  every  respect.  Vanadium  oxychloride  is  obtained 
by  heating  the  trioxide,  VjOj,  mixed  with  charcoal,  in  a  current  of  hy- 
drogen ;  the  lower  oxide  of  vanadium  is  then  formed,  and  this,  when 
heated  in  a  current  of  dry  chlorine,  gives  the  oxychloride  V(JC1,  as  avx  r^ 
reddish  liquid  which  does  not  act  on  sodium  and  may  lie  purified  by 
distillation  over  this  metal.  It  fumes  in  the  air,  giving  reddish  vapours  ; 
it  reacts  on  water,  forming  hydrochloric  and  vanadic  acids  ;  hence, 
on  the  one  hand  it  is  very  similar  to  phosphorus  oxychloride,  and  on 
the  other  hand  to  chromium  oxychloride,  CrO.iCl^  (Chapter  XXI.) 
It  is  of  a  yellow  colour,  its  specific  gravity  is  I'SS,  it  boils  at  120°,  and 
its  vapour  density  is  86  with  respect  to  hydrogen  ;  therefore  the  above 
formula  expresses  its  molecular  weight. ''^ 

■"  When  the  vapours  of   vanadium   oxycliloritle   are  heated  with   zinc  in  a  closed 
tube  at  400"",  they  lose  a  portion  of  their  chlorine  and  fnrui  a  green  crystalline  mass 
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Vanadic  anhydride,  V.j<  >.5,  is   obtained  either  in    small    quantities 
from  certain  cla3-s  where  it  accompanies  the  oxides  of  iron  (hence  some 
sorts  of  iron  contain  vanadium)  and  phosphoric  acid,  or  from  the  rare 
minerals:  volborthiie,  CuHVOj,  or  basic  vanadate    of  copper;   vana- 
dinite,  PbClo3Pb3(T04)2  ;  lead  vanadate,  Pb3(V04)2,  A'c.     The  latter 
salts  are  carefully  ignited  for  some  time  with  one-third  of  their  weight  of 
nitre  ;  the  fused  mass  thus  formed  is  powdered  and  boiled  in  water  :  the 
yellow  solution  obtained   contains  potassium  vanadate.     The  solution 
is    neutralised    with    acid,  and   barium    chloride  added  ;    a   meta-salt, 
Ba(V03)2,  is  then  precipitated  as  an  almost  insoluble  white  powder, 
which  gives  a  solution  of   vanadic  acid    when  boiled   with   sulphuric 
acid.     (The  precipitate  is  at  first  yellow,  as  long  as  it  remains  amor- 
phous, but  it  afterwards  becomes  crystalline  and  white.)     The  solution 
thus  obtained  is  neutralised  with  ammonia,  which  thus  forms  ammo- 
nium (meta)  vanadate,  XH.,YC).j,  which,  when  evaporated,  gives  colour- 
less crystals,  insoluble  in  wate^  containing  sal-ammoniac  ;  hence  this 
salt   is   precipitated   by  adding   solid    sal-ammoniac   to   the   solution. 
Ammonium  vanadate,  when  ignited,  leaves  vanadic  acid  behind.     In 
this  it  difiers   from  the    corresponding   chromium    salt,  which  is   de- 
oxidised into  chromium  oxide  when  ignited.     In  general,  vanadic  acid 
has  but  a  small  oxidising  action.     It  is  reduced  with  difficulty,  like 
phosphoric  or  sulphuric  acid,  and    in    this   differs    from    arsenic   and 
chromic  acids.     Vanadic  acid,  like  chromic  acid,  separates  from  its  solu- 
tion as  the  anhydride  TjO,,,  and   not  in  a  hydrous    state.     Vanadic 
anhydride,  VjOj,  forms  a  reddish-brown  mass,  which  easily  fuses  and  re- 
solidifies into  transparent  crystals  having  a  violet  lustre  (another  point 
of  resemblance  to  chromic  acid)  ;  it  dissohes  in  water,  forming  a  yellow 
solution  with  a  slightly  acid  reaction.'" 

of  sp.  gi".  2'88,  wliicli  is  deliquescent  in  air  and  has  the  composition  VOClo.  Only 
its  vapour  density  is  unknown,  and  it  would  be  extremely  important  to  determine 
whether  its  molecular  composition  is  that  given  above,  or  whether  it  corresponds  with 
the  formula  V20._,Cl4.  Another  less  volatile  oxychloride.  VOCl,  is  formed  with  it  as 
a  brown  insoluble  substance,  which  is,  however,  soluble  in  nitric  acid  like  the  preceding. 
Boscoe  obtained  a  still  less  chlorinated  substance,  namely,  (V0)_.C1;  but  it  may  only 
consist  of  a  mixture  of  VO  and  VOCl.  At  all  events,  we  here  find  a  graduated  series  such 
as  is  met  with  in  the  compounds  of  very  few  other  elements. 

™  Strong  acids  and  alkalis  dissolve  vanadic  anhydride  in  considerable  qnoiitities, 
forming  yellow  solutions.  When  it  is  ignited,  especially  in  a  current  of  hydrogen,  it 
evolves  oxygen  and  fonns  the  lower  oxides ;  V2O4  (acid  solutions  of  a  green  colour,  like 
the  salts  of  chromic  oxide),  V0O3,  and  the  lowest  oxide,  VO.  The  latter  is  the  metallic 
powder  which  is  obtained  when  the  vanadium  oxychloride  is  heated  in  an  excess  of 
hydrogen,  and  was  formerly  mistaken  for  metallic  vanadium.  Wlien  a  solution  of 
vanadic  acid  is  treated  with  metallic  zinc  it  forms  a  blue  solution,  which  seems  to  contain 
this  oxide.  It  acts  as  a  reducing  agent  (and  forms  a  close  analogue  to  clu'omous  oxide, 
CrO).  Metallic  vanacliiitii  can  only  be  obtained  from  vanadium  chloride  wliich  is  quite 
free  from  oxygen.     Moissan  (I81131  obtained  it  by  reducing  the  oxide  with  carbon  in  the 


PHOSPHORUS  AND  THE  OTHER  ELEMENTS  OF  GROUP  V.   197 

Niohmin  and  tantcdum^^^  occur  as  acids  in.  rare  minerals,  and  are 
mainly  extracted  from  tantcdite  and  coJinnhite^  which  are  found  in 
Bavaria,  Finland,  ISTorth  America,  and  in  the  Urals.  These  minerals 
are  composed  of  the  ferrous  salts  of  niobic  and  tantalic  acids  \  they 

electric  furnace,  and  considered  it  to  be  most  infusible  of  the  metals  in  the  series  Pt, 
Cr,  Mo,  U,  W,  and  V  (lie  also  obtained  a,  compound  of  vanadium  and  carbon).  The 
specific  gravity  of  this  metal  is  5*5.  It  is  of  a  grey- white  colour,  is  not  decomposed  by 
water,  and  is  not  oxidised  in  air,  but  bums  when  strongly  heated,  and  can  be  fused  in  a 
current  of  hydrogen  (forming  perhaps  a  compound  with  hydrogen).  It  is  insoluble  in 
hydrochloric  acid,  but  easily  dissolves  in  nitric  acid,  and  when  fused  with  caustic  soda  it 
forms  sodium  vanadate. 

As  regards  the  salts  of  vanadic  acid,  three  different  classes  are  known ;  the  first 
correspond  with  metavanadic  acid,  VM05  =  M20V.205,  the  second  correspond  with  the 
dichromates — that  is,  have  the  composition  V^MoOn,  which  is  equal  to  JM0O  +  2V0O5 
— and  the  third  correspond  with  orthovanadic  acid,  VM-O^  or  SM.jO+VoOs.  The  latter 
are  formed  when  vanadic  anhydride  is  fused  with  an.  excess  of  an  alkaline  carbonate. 

Vanadic  acid  gives  the  so-called  *  complex  '  acids  (which  are  considered  more  fully  in 
Chapter  XXL  in  speaking  of  Mo  and  W) — i.e.  acids  formed  of  two  acids  assimilated  into 
one.  Thus  Priedheim  (1890)  obtained  phosphor-vanadic  acid,  and  Schmitz-Dumont 
(1890)  a  similar  arseno-vanadic  acid.  The  former  is  obtained  by  heating  V2O5  with 
sirupy  phosphoric  acid.  The  resultant  golden-yellow  tabular  crystals  have  the 
composition  H2OV2O5P2O59H2O,  and  there  are  corresponding  salts  —  for  example, 
(NH4)2V205P205  with  3  and  7H2O,  &:c.  These  salts  cannot  be  separated  by  crystallisa- 
tion, so  that  there  are  '  complexes'  of  these  acids  in  a  whole  series  of  salts  (and  also  in 
nature).  It  may  be  supposed  (Friedheim)  that  V2O5  here,  as  it  were,  plays  the  part  of  a 
base,  or  that  those  acids  may  be  looked  upon  as  double  salts.  Among  the  true  double 
salts  of  valiadium  (Nb  and  Ta)  very  many  are  known  among  the  fluorides,  such  as 
VP52NH4F,  VOF22NH4F,  V02F,3NH4F,  &c.  (Pettersson,  Piccini,  and  Georgi,  1890-92). 

Vanadium  was  discovered  at  the  beginning  of  this  century  by  Del-Rio,  and  afterwards 
investigated  by  Sefstrom,  but  it  was  only  in  1868  that  Roscoe  established  the  above 
formulse  of  the  vanadic  coinpounds. 

^^  The  researches  made  by  Roscoe  were  preceded  by  those  of  Marignac  in  1865,  on 
the  compounds  of  niohluiti  and  tcuifalinn,  to  which  were  also  ascribed  different  formulge 
from  those  now  recognised.  Tantalum  was  discovered  simultaneously  with  vElnadium 
by  Hatchett  and  Ekeberg,  and  was  afterwards  studied  by  Rose,  who  in  1844  discovered 
niobium  in  it.  Notwithstanding  the  numerous  researches  of  Hermann  (in  Moscow), 
Kobell,  Rose,  and  Marignac,  still  there  is  not  yet  any  certainty  as  to  the  purity  of,  and 
the  properties  ascribed  to,  the  compounds  of  these  elements.  They  are  difficidt  to 
separate  from  each  other,  and  especially  from  the  cerite  metals  and  titanium,  &c.,  which 
accompany  them.  Before  the  investigations  of  Rose  the  highest  oxide  of  tantalum  was 
supposed  to  belong  to  the  type  TaX^ — that  is,  its  composition  was  taken  as  TaOs,  and  to 
the  lower  oxide  was  ascribed  a  formula  TaO.^.  Rose  gave  the  formula  TaOg  to  the 
higher  oxide,  and  discovered  a  new  element  called  niobium  in  the  substance  previously 
supposed  to  be  the  lower  oxide.  He  even  admitted  the  existence  of  a  third  element  occur- 
ring together  with  tantalum  and  niobium,  which  he  named  pelopium,  but  he  afterwards 
found  that  pelopic  acid  was  only  another  oxide  of  niobium,  and  he  considered  it  probable 
that  the  higher  oxide  of  this  element  is  Nb02,  and  the  lower  NboOg.  Hermann  found  that 
niobic  acid  which  was  considered  pure  contained  a  considerable  quantity  of  tantalic  acid, 
and  besides  this  he  admitted  the  existence  of  another  special  metallic  acid,  which  he  called 
ilmenic  acid,  after  the  locality  (the  Ilmen  mountains  of  the  Urals)  of  the  mineral  from 
which  he  obtained  it.  V.  Kobell  recognised  still  another  acid,  which  he  called  dianic  acid, 
and  these  diverse  statements  were  only  brought  into  agreement  in  the  sixties  by  Marignac. 
He  first  of  all  indicated  an'  accurate  method  for  the  separation  of  tantalic  and  niobic 
compounds,  which  are  always  obtained  in  admixture. 
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contain  about  15  per  cent,  of  ferrous  oxide  in  isomorphous  mixture 
^vith  manganous  oxide,  in  combination  with  various  proportions  of 
tantalic  and  niobic  anhydrides.  These  mineials  are  first  fused  with 
a  considerable  amount  of  potassium  bisulphate,  and  the  fused  mass 
is  boiled  in  \vater,  which  dissolves  the  ferrous  and  potassium  salts  and 
leaves  an  insoluble  residue  of  impure  niobic  and  tantalic  acids.  This 
raw  product  is  then  treated  with  ammonium  sulphide,  in  order  to 
extract  the  tin  and  tungsten,  which  pass  into  solution.  The  residue 
containing  the  acids  (according  to  Marignac)  is  then  treated  with  hydro- 
fluoric acid,  in  which  it  entirely  dissolves,  and  potassium  fluoride  is 
added  to  the  resultant  hot  solution  ;  on  cooling,  a  sparingly  soluble 
double  fluoride  of  potassium  and  tantalum  separates  out  in  fine  crystals, 
while  the  much  more  soluble  niobium  salt  remains  in  solution.  The 
difiierence  in  the  solubility  of  these  double  salts  in  water  acidified  with 
hydrofluoric  acid  (in  pure  water  the  solution  becomes  cloudy  after  a 
certain  time)  is  so  great  that  the  tantalum  compound  requires  150  parts 
of  water  for  its  solution,  and  the  niobium  compound  only  13  parts. 
The  Greenland  columbite  (specific  gravity  5-36)  only  contains  niobic 
acid,  and  that  from  Bodenmais,  Bavaria  (specific  gravity  6'06)  almost 
equal  quantities  of  tantalic  and  niobic  acids.  Having  isolated  tantalic 
and  niobic  salts,  ilarignac  found  that  the  relation  between  the  potas- 
sium and  fluorine  in  them  is  very  variable — that  is,  that  there  exist 
various  double  salts  of  fluoride  of  potassium,  and  of  the  fluorides  of 
the  metals  of  this  group,  but  that  with  an  excess  of  hydrofluoric  acid 
both  the  tantalum  and  niobium  compounds  contain  seven  atoms  of 
fluorine  to  two  of  potassium,  whence  it  must  be  concluded  that  the 
simplest  formula  for  these  double  salts  will  be  K.,RFj^RFj,2KF  ; 
that  is,  that  the  type  of  the  higher  compounds  of  niobium  and  tantalum 
is  E,X5,  and  hence  is  similar  to  phosphoric  acid.  A  chloride,  TaClj, 
may  be  obtained  from  pure  tantalic  acid  by  heating  it  with  charcoal 
in  a  current  of  chlorine.  This  is  a  yellow  crystalline  substance,  which 
melts  at  211°,  and  boils  at  241°  ;  its  vapour  density  with  respect  to 
hydrogen  is  180,  as  would  follow  from  the  formula  TaClj.  It  is  com- 
pletely decomposed  by  water  into  tantalic  and  hydrochloric  acids. 
Xiohium  jientacldorkle  may  be  prepared  in  the  same  manner  ;  it  fuses 
at  194°,  and  boils  at  240°-  AVhen  treated  with  water  this  substance 
gives  a  solution  containing  niobic  acid,  which  only  separates  out  on 
boiling  the  solution.  Delafontaine  and  Deville  found  its  vapour 
density  to  be  9'3  (air  =  1),  as  is  shown  by  its  formula  NbCl.5.'*- 

*^  If  niobic  acid  be  mixed  with  a  small  quantity  of  charcoal  and  ignited  in  a  stream 
of  chlorine,  a  difficultl5--fusible  and  difiienltly-Tolatile  oxyehloride,  XbOCl-„  separates. 
The  Tapouv  density  of  this  compomid  with  respect  to  air  is  I'rt,  and  this  vapour  density 
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perfectly  coiifii'ms  the  accuracy  of  tlie  formulae  given  by  Marignac,  and  indicatey  tlif! 
quantitative  analogy  between  the  compounds  of  niobium  and  tantalum,  and  those  of 
X)hottiihorus  and  arsenic,  and  consequently  also  of  vanadium,  In  their  qualitative  rela- 
tions (as  is  evident  also  from  the  correspondence  of  the  atomic  weights),  the  compounds 
of  tantalum  and  niobium  exhibit  a  great  analogy  with  the  compounds  of  molybdenum  and 
tungsten.  Thus  zinc,  when  acting  on  acid  solutions  of  tantalic  and  niobic  compounds, 
gives  a  blue  coloration,  exactly  as  it  does  with  those  of  tungsten  and  molybdenum  (also- 
titanium).  These  acids  form  the  same  large  number  of  salts  as  those  of  tungsten  and" 
molybdenum.  The  anhydrides  of  the  acids  are  also  ins()luble  in  water,  but  as  colloids  are 
sometimes  held  in  solution,  just  like  those  of  titanic  and  molybdic  acids.  Furthermore^ 
niobium  is  in  every  respect  the  nearest  analogue  of  molybdenum,  and  tantalum  of  tung- 
sten. Xiobiitin-  is  obtained  by  reducing  the  double  fluoride  of  niobium  and  sodium,  witli 
sodium.  It  is  difiticult  to  obtain  in  a  pure  state.  It  is  a  metal  on  which  hydrochloric 
acid  acts  with  some  energy,  as  also  does  hydrofluoric  acid  mixed  with  nitric  acid,  and  also 
a  boiling  solution  of  caustic  potash.  Tantalum,  which  is  obtained  in  exactly  the  same 
way,  is  a  much  heavier  metal.  It  is  infusible,  and  is  only  acted  on  by  a  mixture  of 
hydrofluoric  and  nitric  acids.  Rose  in  1868  showed  that  in  the  reduction  of  the  double 
fluoride,  NbF5,2KF,  by  sodium,  a  greyish  powder  is  obtained  after  treating  with  water. 
The  specific  gravity  of  this  powder  is  6"8,  and  he  considers  it  to  be  niobium  hydride, 
NbH.  Neither  did  he  obtain  metallic  niobium  when  he  reduced  with  magnesium  and 
aluminium,  but  an  alloy,  Al-Nb,  having  a  sp.  gr.  of  4'5. 

Niobium,  so  far  as  is  known,  unites  in  three  proportions  with  oxygen.  NbO,  which  ib 
formed  when  NbOF-,2KF  is  reduced  by  sodium  ;  NbOo,  which  is  formed  by  igniting 
niobic  acid  in  a  stream  of  hydrogen,  and  niobic  anhydride,  NboOs,  a  white  infusible 
substance,  which  is  insoluble  in  acids,  and  has  a  specific  gravity  of  4'5.  Tantalic  anhy- 
dride closely  resembles  niobic  anliydride,  and  has  a  specific  gravity  of  7"2.  TJie  tantalates 
and  niohates  present  the  type  of  ortho-salts — for  example,  Na^HNb04,6Hf.O,  and  also  of 
pyro-salts,  such  as  K^HNboOyjGH.jO,  and  of  meta-salts — for  example,  KNbO;5,2H20. 
And,  besides  these,  they  give  salts  of  a  more  complex  tj-pe,  containing  a  larger  amount 
of  the  elements  of  the  anhydride  ;  thus,  for  instance,  when  niobic  "anhydride  is  fused 
with  caustic  potash  it  forms  a  salt  which  is  soluble  in  water,  and  crystallises  in  mono- 
clinic  prisms,  having  the  composition  KgNbeOi9,16H.,0.  Thei'e  is  a  perfectly  similar 
isomorphous  salt  of  tantalic  acid.  Tantalite  is  a  salt  of  the  type  of  metatantalic  acid, 
Fe(TaO,^)2.  The  composition  of  Yttrotantalite  appears  to  correspond  with  orthotantalic 
acid. 
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SULPHUR,    SELENIUM,    AND    TELLURIUM 

The  acid  character  of  the  higher  oxides  IIO3  of  the  elements  of 
group  VI.  is  still  more  clearly  defined  than  that  of  the  higher  oxides  of 
the  preceding  groups,  whilst  feeble  basic  properties  only  appear  in 
the  oxides  RO3  of  the  elements  of  the  even  series,  and  then  only  for 
those  elements  having  a  high  atomic  weight — that  is,  under  those  two 
conditions  in  which,  as  a  rule,  the  basic  characters  increase.  Even  the 
lower  types  ROj  and  R2O3J  "^c.,  formed  by  the  elements  of  group  VI., 
are  acid  anhydrides  in  the  uneven  series,  and  only  those  of  the  elements 
of  the  even  series  have  the  properties  of  peroxides  or  even  of  bases. 

Sulphur  is  the  typical  representative  of  group  VI.,  both  on  account  of 
the  fact  that  the  acid  properties  of  the  group  are  clearly  defined  in  it,  and 
also  because  it  is  more  widely  distributed  in  nature  than  any  of  the  other 
elements  belonging  to  this  group.  As  an  element  of  the  uneven  series 
of  group  VI.,  sulphur  gives  HjS,  sulphuretted  hydrogen,  SO3,  sulphuric 
anhydride,  and  SO2,  sulphurous  anhydride.  And  in  all  of  them  we  find 
acid  properties — SOj  and  SO2  are  anhydrides  of  acids,  and  H2S  is  an 
acid,  although  a  feeble  one.  As  an  element  sulphur  has  all  the  pro- 
perties of  a  true  non-metal  ;  it  has  not  a  metallic  lustre,  does  not 
conduct  electricity,  is  a  bad  conductor  of  heat,  is  transparent,  and 
combines  directly  with  metals — in  short  it  has  all  the  properties  of  the 
non-metals,  like  oxygen  and  chlorine.  Furthermore,  sulphur  exhibits 
a  great  qualitative  and  quantitative  resemblance  to  oxygen,  especially 
n  the  fact  that,  like  oxygen,  it  combines  icitli  tiro  atoms  of  hydrogen, 
and  forms  compounds  resembling  oxides  with  metals  and  non-metals. 
From  this  point  of  view  sulphur  is  bivalent,  if  the  halogens  are  univa- 
lent.'    The  chemical    character  of   sulphur  is  expressed   by  the   fact 

1  The  character  of  sulphur  is  very  clearly  defined  in  the  organo-metallic  com- 
pounds. Not  to  dwell  on  this  vast  subject,  which  belongs  to  the  province  of  organic 
chemistry,  I  think  it  will  be  sufficient  for  our  purpose  to  compare  the  physical  properties 
of  the  ethyl  compounds  of  mercury,  zinc,  sulphur  and  oxygen.  The  composition  of  all  of 
them  is  expressed  by  the  general  formula  (C.jHsJ.jR,  where  R  =  Hg,  Zu,  S,  or  O.  They 
are  all  volatile  :  mercury  ethyl,  Hg(C2H5).2,  boils  at  159*^,  its  sp.  gr.  is  2*444,  molecular 
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that  it  forms  a  very  slightly  stable  and  feebly  energetic  acid  with 
hydrogen.  The  salts  corresponding  with  this  acid  are  the  sulphides, 
just  as  the  oxides  correspond  to  water  and  the  chlorides  to  hydrochloric 
acid.  However,  as  we  shall  afterwards  see  more  fully,  the  sulphides 
are  more  analogous  to  the  former  than  to  the  latter.  But  although 
combining  with  metals,  like  oxygen,  sulphur  also  forms  chemically 
stable  compounds  with  oxygen,  and  this  fact  impresses  a  peculiar 
character  on  all  the  relations  of  this  element.^ 

Sulphur  belongs  to  the  number  of  those  elements  which  are  very 
widely  distributed  in  nature,  and  occurs  both  free  and  combined  in 
various  forms.  The  atmosphere,  however,  is  almost  entirely  free  from 
compounds  of  sulphur,  although  a  certain  amount  of  them  should  be 
present,  if  only  from  the  fact  that  sulphurous  anhydride  is  emitted 
from  the  earth  in  volcanic  eruptions,  and  in  the  air  of  cities,  where 
much  coal  is  burnt,  since  this  always  contains  FeSj.  Sea  and  river 
water  generally  contain  more  or  less  sulphur  in  the  form  of  sul- 
phates. The  beds  of  gypsum,  sodium  sulphate,  magnesium  sulphate 
and  the  like  are  formations  of  undoubtedly  aqueous  origin.  The  sul- 
phates contained  in  the  soil  are  the  source  of  the  sulphur  found  in 
plants,  and  are  indispensable  to  their  growth.  Among  vegetable 
substances,  the  proteids  always  contain  from  one  to  two  per  cent,  of 
sulphur.  From  plants  the  albuminous  substances,  together  with  their 
sulphur,  pass  into  the  animal  organism,  and  therefore  the  decomposition 
of  animal  matter  is  accompanied  by  the  odour  of  sulphuretted  hydrogen, 
as  the  product  into  which  the  sulphur  passes  in  the  decomposition  of 
the  albuminous  substances.  Thus  a  rotten  egg  emits  sulphuretted  hy- 
drogen. Sulphur  occurs  largely  in  nature,  as  the  various  insoluble  sul- 
phides of  the  metals.  Iron,  copper,  zinc,  lead,  antimony,  arsenic,  &c.. 
occur  in  nature  combined  with  sulphur.  These  sulphides  frequently 
have  a  metallic  lustre,  and  in  the  majority  of  cases  occur  crystallised, 

volume  =  106 ;  zinc  ethyl  boils  at  118^,  sp.  gr.  1'882,  volume  101 ;  etliyl  sulphide, 
SfC.jHjjj,  boils  at  90°,  sp.  gr.  0'825,  volume  107  ;  common  ether,  or  ethyl  oxide,  01C.,K-J^, 
boils  at  35°,  sp.  gr.  0'736,  volume  101,  in  addition  to  which  diethyl  itself,  (CjHs)^  =  C4H,o, 
boils  about  0°,  sp.  gr.  about  0*62,  volume  about  91.  Thus  the  substitution  of  Hg,  y,  and 
0  scarcely  changes  the  volume,  notwithstanding  the  difference  of  the  weights ;  the 
physical  influence,  if  one  may  so  express  oneself,  of  these  elements,  which  are  so  very 
different  in  their  atomic  weights,  is  almost  alike. 

^  Therefore  in  former  times  sulphur  was  known  as  an  amphid  element.  Although  the 
analogy  between  the  compounds  of  sulphur  and  oxygen  has  been  recognised  from  the 
very  birth  cf  modern  chemistry  (owing,  amongst  other  things,  to  the  fact  that  the  oxides 
and  sulphides  are  the  most  widely  spread  metallic  ores  in  nature),  still  it  has  only  been 
clearly  expressed  by  the  periodic  system,  which  places  both  these  elements  in  gi'oup  VI. 
Here,  moreover,  stands  out  that  parallelism  which  exists  between  SO2  and  ozone  00.^, 
between  K2SO5  and  peroxide  of  potassium  K2O4  (Volkovitch  in  1898  again  drew  attention 
to  this  parallelism). 
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and  also  very  often  several  sulphides  occur  combined  ov  mixed 
together  in  these  crystalline  compounds.  If  they  are  yellow  and  lia\e 
a  metallic  lustre  they  are  called  pyrites.  Such  are,  for  example, 
copper  pyrites,  CuFeSj,  and  iron  pyrites,  FeS,,  which  is  the  commonest 
of  all.  They  are  all  also  known  as  glances  or  blendes  if  they  are 
greyish  and  have  a  metallic  lustre — for  example,  zinc  blende,  lead 
glance,  PbS,  antimony  glance,  Sb2S3,  &c.  And,  lastly,  sulphur  occurs 
native.  It  occurs  in  this  form  in  the  most  recent  geological  formations 
in  admixture  with  limestone  and  gypsum,  and  most  frequently  in  the 
vicinity  of  active  or  extinct  volcanoes.  As  the  gases  of  volcanoes  con- 
tain sulphur  compounds — namely,  sulphuretted  hydrogen  and  sulphurous 
anhydride,  which  by  reacting  on  one  another  may  produce  sulphur,  which 
also  frequently  appears  in  the  craters  of  volcanoes  as  a  sublimate — it 
might  be  imagined  that  the  sulphur  was  of  volcanic  origin.  But  on  a 
nearer  aquaintance  with  its  mode  of  occurrence,  and  more  especially 
considering  its  relation  to  gypsum,  CaSOj,  and  limestone,  the  present 
general  opinion  leads  to  the  conclusion  that  the  'native' sulphur  has 
been  formed  by  the  reduction  of  the  gypsum  by  organic  matter  and 
that  its  occurrence  is  only  indirectly  connected  with  volcanic  agencies. 
Near  Tetush,  on  the  Volga,  there  are  beds  containing  gypsum,  sulphur, 
and  asphalt  (mineral  tar).  In  Europe  the  most  important  deposits  of 
sulphur  are  in  the  south  of  Sicily  from  Catania  to  Girgenti.'  There 
are  very  rich  deposits  of  sulphur  in  Daghestan  near  Cherkai  and 
Cherkat  in  Khyut,  near  Mount  Kanabour-bam_  near  Petrovsk,  and 
in  the  Kira  Koumski  steppes  in  the  Trans-Caspian  provinces,  which 
are  able  to  supply  the  whole  of  Russia  with  this  mineral.  Abundant 
deposits  of  sulphur  have  also  been  found  in  Kamtchatka  in  the  neigh- 
bourhood of  the  volcanoes.  The  method  of  separation  of  the  sulphur 
from  its  earthy  impurities  is  based  on  the  fact  that  sulphur  melts  when 
it  is  heated.  The  fusion  is  carried  on  at  the  expense  of  a  portion  of 
the  sulphur,  which  is  burnt,  so  that  the  remainder  may  melt  and  run 
from  the  mass  of  the  earth.  This  is  carried  on  in  special  furnaces 
called  calcaroni,  built  up  of  unhewn  stone  in  the  neighbourhood  of  the 
mines.'' 


^  When  in  Sicily,  I  found,  near  Caltanisetta,  a  specimen  of  sulphur  with  mineral  tav. 
In  the  same  neighbourhood  there  are  naphtha  springs  and  mud  volcanoes.  It  may  be 
that  these  substances  have  reduced  the  sulphur  from  gypsum. 

The  chief  proof  in  favour  of  the  origin  of  sulphur  from  gypsum  is  that  in  treating  the 
deposits  for  the  extraction  of  the  sulphur  it  is  found  that  the  proportion  of  sulphur 
to  calcium  carbonate  never  exceeds  that  which  it  would  be  had  they  both  been  derived 
from  calcium  sulphate. 

4  Naturally  only  those  ores  of  sulphur  which  contain  a  considerable  amount  of  sulphur 
can  be  treated  by  this  method.    With  poor  ores  it  is  necessary  to  have  recourse  to  dis- 


SULPHUE.    SELEXIl'M,    AND   TELLURjmr 


•203 


Sulphur  is  purilied  by  distillation  in  special  retorts  (see  fig.  86)  by 
passing  the  vapour  into  a  chamber  G  built  of  stone.  The  first  portions 
of  the  vapour  entering  into  the  condensing  chamber  are  condensed 
straightway  from  the  vapour  into  a  solid  state,  and  form  a  fine  powder 


Fn>.  86. — Kefiiiing  sulpliiir  by  subliinatiuii. 

known  as  flowers  of  siil-pluir-'  But  when  the  temperature  of  the 
receiver  attains  the  melting  point  of  sulphur,  it  passes  into  a  liquid 

tillation  or  mechanical  treatment  in  order  to  sei^arate  the  sulphur,  hut  its  price  is  so  low 
that  this  method  in  most  cases  is  not  profitahle. 

The  sulphur  ohtained  by  the  above-described  method  still  contains  some  impurities, 
but  it  is  frequently  made  use  of  in  this  form  for  many  purposes,  and  especially  in  con- 
siderable quantities  for  the  manufacture  of  sulphtu-ic  acid,  and  for  strewing  over  grapes. 
For  other  purposes,  and  especially  in  the  preparation  of  gunpowder,  u  purer  sulphur  is 
required.  Sulphur  may  be  purified  by  distillation.  The  crude  sulphur  is  called  rough, 
and  the  distilled  sulphur  refined.  The  arrangement  given  in  fig.  80  is  employed  for 
refining  sulphur.  The  rough  sulphur  is  melted  in  the  boiler  f7,  and  as  it  melts  it  is  run 
through  the  tube  F  into  an  iron  retort  B  heated  by  the  naked  flame  of  the  furnace. 
Here  the  sulphur  is  converted  into  vapour,  which  passes  through  a  wide  tube  into  the 
chamber  G,  surrounded  by  stone  walls  and  furnished  with  a  safety-valve  S. 

^  Flowers  of  sulphur  always  contain  a  certain  amount  of  the  oxides  of  sulphur. 
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state  and  is  cast  into  moulds  (like  sealing  wax),  and   is  then  known 
under  the  name  of  roll  sulphur.^ 

In  an  uncombined  state  sulphur  exists  in  several  modifications,  and 
forms  a  good  example  of  the  facility  with  which  an  alteration  of  proper- 
ties can  take  place  without  a  change  of  composition — that  is,  as  regards 
the  material  of  a  substance.  Common  sulphur  has  the  well-known 
yellow  colour.  This  colour  fades  as  the  temperature  falls,  and  at  — 50° 
sulphur  is  almost  colourless.  It  is  very  brittle,  so  that  it  may  be  easily 
converted  into  a  powder,  and  it  presents  a  crystalline  structure,  which, 
by  the  way,  shows  itself  in  the  unequal  expansion  of  lumps  of  sulphur 
by  heat.  Hence  when  a  piece  of  sulphur  is  heated  by  the  warmth  of 
the  hand,  it  emits  sounds  and  sometimes  cracks,  which  probably  also 
depends  on  the  bad  heat-conducting  power  of  this  substance.  It  is  easily 
obtained  in  a  crystalline  form  by  artificial  means,  because  although 
insoluble  in  water  it  dissolves  in  carbon  bisulphide,  and  in  certain  oils.' 
Solutions  of  sulphur  in  carbon  bisulphide  when  evaporated  at  the 
ordinary  temperature  yield  well-formed  transparent  crystals  of  sulphur 
in  the  forui  of  rhombic  octahedra,  in  which  form  it  occurs  native.  The 
specific  gravity  of  tliese  crystals  is  2'0-l:.3.  Fused  sulphur,  cast  into 
moulds  and  cooled,  has,  after  being  kept  a  long  time,  a  specific  gravity 
2 •066  ;  almost  the  same  as  that  of  the  crystalline  sulphur  of  the  above 
form,  which  shows  that  common    sulphur  is  the  same  as  that  which 

''  Siilpliur  may  be  extracted  by  viu'ious  other  means.  It  may  be  extracted  from  iron 
pyrites,  FeS  >,  which  is  very  widely  distributed  in  jiature.  From  100  parts  of  iron  pyrites 
about  half  the  sulphur  contained,  namely,  about  2.5  parts,  may  be  extracted  by  heating 
without  the  access  of  air,  a  lower  sulphide  of  iron,  which  is  more  stable  under  the  action 
of  heat,  being  left  behind.  Alkali  waste  (Chapter  XII.),  containincj  calcium  sulphide  and 
gypsum,  CaSO^,  may  be  used  for  the  same  purpose,  but  native  sulphur  is  so  cheap  that 
recoui-se  can  only  be  had  to  these  sources  when  the  calcium  sulphide  appears  as  a  worth- 
less bye-product.  The  most  simple  process  for  the  extraction  of  sulphur  from  alkali 
waste,  in  a  chemical  sense,  consists  in  evolving  sulphuretted  hydrogen  from  the  calcium 
sulphide  by  the  action  of  hydrochloric  acid.  The  sulphuretted  hydrogen  when  burnt 
gives  water  and  sulphurous  anhydride,  which  reacts  on  fresh  sulphuretted  hydrogen 
with  the  separation  of  sulphur.  The  combustion  of  the  sulphuretted  hydrogen  may  be 
so  conducted  that  a  mixture  of  2HiS  and  S0.>  is  straightway  formed,  and  this  mixture 
will  deposit  sulphur  (Chapter  XII.,  Note  14).  Gossage  and  Chance  treat  alkali  waste 
with  carbonic  anhydride,  and  subject  the  sulphuretted  hydrogen  evolved  to  incomplete 
combustion  (this  is  best  done  by  passing  a  mixture  of  sulphuretted  hydrogen  and  air, 
taken  in  the  requisite  proportions,  over  red-hot  ferric  oxide),  by  which  means  water  and 
the  vapoiu-  of  sxilphur  are  formed  :  H-jS  -t-  O  =  H.,0  -}-  S. 

^  One  hundred  parts  of  liquid  carbon  bisulphide,  C8.i,  dissolve  16"5  parts  of  sulphur 
at  -11°,  24  parts  at  0°,  37  parts  at  15°,  41!  parts  at  22°,  and  181  parts  at  55°.  The 
saturated  solution  boils  at  55°,  whilst  pure  carbon  bisulphide  boils  at  47°.  The  solution 
of  sulphur  in  carbon  bisulphide  reduces  the  temperature,  just  as  in  the  solution  of  salts 
in  water.  Thus  the  solution  of  20  parts  of  sulphur  in  50  parts  of  carbon  bisulphide  at 
22°  lowers  the  temperature  by  5°  ;  100  parts  of  benzene,  CjHg,  dissolves  0'965  part  of 
sulphur  at  26°,  and  4'377  parts  at  71°  ;  clilorotorm,  CHCI5,  dissolves  1'2  part  of  sulphur 
at  22°,  and  ltV35  parts  at  174°. 
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crystallises  in  octaheclra.  The  specific  lieat  of  octahedral  sulphur  is 
0'17  ;  it  melts  at  114°,  and  forms  a,  bright  yellow  mobile  liquid.  On 
further  heating,  the  fused  sulphur  undergoes  an  alteration,  which  we 
shall  presently  describe,  first  observing  that  the  above  octahedral  state 
of  sulphur  is  its  most  stable  form.  Sulphur  may  be  kept  at  the  ordi- 
nary temperature  in  this  form  for  an  indefinite  length  of  time,  and 
many  other  modifications  of  sulphur  pass  into  this  form  after  being  left 
for  a  certain  time  at  ordinary  temperature. 

If  sulphur  be  melted  and  then  slightly  cooled,  so  tliat  it  forms  a 
crust  on  the  surface  and  over  the  sides  of  the  crucible,  while  the 
internal  mass  remains  liquid,  then  the  sulphur  takes  another  crystal- 
line form  as  it  solidifies.  This  may  be  seen  by  breaking  the  crust,  and 
pouring  out  the  remaining  molten  sulphur.*  It  is  then  found  that  the 
sides  of  the  crucible  are  covered  with  |j'/-ismfrfic  crystals  of  the  mono- 
clinic  system  ;  they  have  a  totally  diSferent  appearance  from  the  above- 
described  crystals  of  rhombic  sulphur.  The  prismatic  crystals  are 
brown,  transparent,  and  less  dense  than  the  crystals  of  rhombic 
sulphur,  their  specific  gravity  being  only  1-93,  and  their  melting  point 
higher — about  120°.  These  crystals  of  sulphur  cannot  be  kept  at 
the  ordinary  temperature,  which  is  indeed  evident  from  the  fact  that 
in  time  they  turn  yellow  ;  the  specific  gravity  also  changes,'  and  they 
pass  completely  into  the  ordinary  modification.  This  is  accompanied 
by  a  considerable  development  of  heat,  so  that  the  temperature  of  the 
mass  may  rise  12°-  Thus  sulphur  is  dimorjjJwus — that  is,  it  exists  in 
two  crystalline  forms,  and  in  both  forms  it  has  independent  physical 
properties.  However,  no  chemical  reactions  are  known  which  distin- 
guish the  two  modifications  of  sulphur,  just  as  there  are  none  dis- 
tinguishing aragonite  from  calcspar.^ 

If  molten  sulphur  be  heated  to  158°  it  loses  its  mobility  and 
becomes  thick  and  very  dark-coloured,  so  that  the  crucible  in  which  it 

^  If  the  experiment  be  made  in  a  vessel  with  a  narrow  capillary  tube,  the  sulphur 
fuses  at  a  lower  temperature  (occurs,  as  it  were,  in  a  supersaturated  state),  and  solidifying 
at  90°,  appears  in  a  rhombic  form  (Schiitzenberger). 

^  If  sulphur  be  cautiously  melted  in  a  U  tube  immersed  in  a  salt  bath,  and  then 
gradually  cooled,  it  is  possible  for  all  the  sulphur  to  remain  liquid  at  100°.  It  will  now 
be  in  a  state  of  superfusion ;  thus  also  by  careful  refrigeration  water  may  be  obtained  in 
a  liquid  state  at  —10°,  and  a  lump  of  ice  then  causes  such  water  to  form  ice,  and 
the  temperature  rises  to  0°.  If  a  prismatic  crystal  of  sulphur  be  thrown  into  one  branch 
of  the  U  tube  containing  the  liqiiid  suliahur  at  100°,  and  an  octahedral  crystal  be  thrown 
into  the  other  branch,  then,  as  Gernez  showed,  the  sulphur  in  each  branch  will  crystal- 
lise in  the  corresponding  form,  and  both  forms  are  obtained  at  the  same  temperature ; 
therefore  it  is  not  the  influence  of  temperature  only  which  causes  the  molecules  of 
sulphur  to  distribute  themselves  in  one  or  another  form,  but  also  the  influence  of  the 
crystalline  parts  already  formed.  This  phenomenon  is  essentially  analogous  to  the 
phenomena  of  supersaturated  solutions. 
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is  heated  may  be  inverted  without  the  sulphur  running  nut.  A^  heu 
heated  above  this  temperature  the  sulphur  again  becomes  liquid,  and 
at  2o0"  it  is  very  mobile,  although  it  does  not  acquire  its  original 
colour,  and  at  440°  it  boils.  These  modifications  in  the  properties  of 
sulphur  depend  not  only  on  the  variations  of  temperature,  but  also  on 
a  change  of  structure.  If  sulphur,  heated  to  about  3.i0°,  be  poured  iu 
a  thin  stream  into  cold  water,  it  does  not  solidify  into  a  solid  mass,  but 
retains  its  brown  colour  and  remains  soft,  may  be  stretched  out  into 
threads,  and  is  elastic,  like  guttapercha.  But  in  this  soft  and  ductile 
state,  also,  it  does  not  remain  for  a  long  time.  After  the  lapse  of  a 
certain  period  this  soft  transparent  sulphur  hardens,  becomes  opaque, 
passes  into  the  ordinar}-  yellow  modification  of  sulphur,  and  in  so  doing 
develops  Iieat,  just  as  in  the  conversion  of  the  prismatic  into  the  octa- 
hedral variety.  The  soft  sulphur  is  characterised  by  the  fact  that  a 
certain  portion  of  it  is  insoluble  in  carbon  bisulphide..  When  soft  sul- 
phur is  immersed  in  this  liquid,  only  a  portion  of  common  sulphur 
passes  into  solution,  whilst  a  certain  portion  is  quite  insoluble  and 
remains  so  for  a  long  time.  The  maximum  proportion  of  insoluble 
sulphur  is  obtained  by  heating  slightly  above  170°  It  melts  at  114°. 
An  exactly  similar  Insohihle  ainorpJioris  sulphur  is  obtained  in  certain 
reactions'in  the  wet  way,  when  sulphur  separates  out  from  solutions. 
Thus  sodium  thiosulphate,  Xa.jS^Oj,  when  treated  with  acids,  gives  a 
precipitate  of  sulphur,  which  is  insoluble  in  carbon  bisulphide.  The 
action  of  water  on  sulphur  chloride  also  gives  a  similar  modification  of 
sulphur.  Certain  sulphides,  when  treated  with  nitric  acid,  also  yield 
sulphur  in  this  form.'" 

^0  A  certain  amount  of  insoluble  sulphur  remains  for  a  long  time  in  the  mass  of  soft 
sulphur,  changing  into  the  ordinary  variety  Freslily-cioled  soft  sulphur  contains  about 
one-third  of  insoluble  sulphur',  and  after  the  lapse  of  two  years  it  still  contains  about 
15  p.c.  Flowers  of  sulphur,  obtained  by  the  va\)\A  condensation  of  sulphur  from  a  state 
of  vapour,  also  contains  a  certain  amount  of  insoluble  sulphur.  Bapidhj  distilled  ami 
condensed  sulphur  -CiXzo  contains  some  insoluble  sulphur.  Hence  a  certain  amount  of 
insoluble  sulphur  is  frequently  found  in  roll  sulphur.  The  action  of  light  on  a  solution 
of  sulphur  converts  a  certain  portion  into  the  insoluble  modificatiou.  Insoluble  sulphur 
is  of  a  lighter  colour  than  the  ordinary  variety.  It  is  best  prepared  l)y  vaporising  sulphiu" 
in  a  stream  of  carbonic  anhydride,  hydrochloric  ai:i<l,  tt-c,  and  collecting  the  vapour  in 
cold  water.  When  condensed  in  this  manner  it  is  nearly  all  insoluble  in  c;ubon  bisul- 
phide. It  then  has  the  form  of  hollow  spheroids,  and  is  therefore  lighter  than  the 
common  variety  ;  sp,  gr.  VH-1.  An  idea  of  the  modifications  taking  place  in  sulphur 
between  110=  and  -230=  may  be  formed  from  the  fart  that  at  l.'Hi"  liquid  sulphur  has  a 
coefficient  of  expansion  of  about  O'OOOo,  whilst  between  I.jO"  and  iM-  it  is  less  than 
•0-0003. 

Engel(l.s91),by  decomposing  a  saturated  solution  of  hyposulphite  of  sodium  (Note  121 
with  HCl  in  the  cold  (the  sulphur  is  not  precipitated  directly  in  this  case),  obtained,  after 
shaking  up  with  chlorofonn  and  evaporation,  crystals  of  sulphur  ( sp.  gr.  '2'13.j),  which,  after 
several  hours,  passed  into  the  insoluble  (in  CSnl  state,  and  in  so  doing  became  opaque, 
iind  increased  in  volume.     But  it  a  mixture  of  solution  of  Na.,S.,0-i  and  HCl  be  .allowed  to 
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At  temperatures  of  440°  to  700°  the  vapour  densit}'  of  sulphur  is 
O'G  referred  to  air — I.k.  aViout  96  referred  to  hydrogen.  Hence,  at 
these  temperatures  tlm  moleenle  of  sulphur  contains  six  atoms,  it  has 
the  composition  S,;.  The  agreement  between  the  observations  of  Dumas, 
Mitscherlich,  Bineau,  and  Deville  confirms  the  accuracy  of  this  result. 
But  in  this  respect  the  properties  of  sulphur  were  found  to  be  variable. 
When  heated  to  higher  temperatures,  that  is  to  say,  abovf  800°,  the 
vapour  density  of  sulphur  is  found  to  be  (ine-third  of  this  quantity,  i.y. 
about  32  referred  to  hydrogen.  At  this  temperature  the  molecule  of 
sulphur,  like  that  of  hydrogen,  iixygen,  nitrogen,  and  chlorine,  contains 
tiro  atoms  ;  hence  the  molecular  formula  is  then  Sg.  This  variation  in 
the  vapour  density  of  sulphur  evidently  con-esponds  with  a  polymeric 
modification,  and  may  be  likened  to  the  transformation  of  ozone,  O,, 
into  oxygen,  0.,,   or.    better   still,   of   lienzene,  CuH,;,   into    acetylene, 

stand,  it  deposits  sulpliur,  whic-li,  after  sufficient  washing,  is  able  U>  dissolve  in  water 
■{like  tlie  colloid  varieties  of  tlie  metallic  sulphides,  alumina,  boron,  and  silver),  but  this 
colloid  soil  if  io}i  of  sulphur  soon  deposits  sulphur  insoluble  in  CSo. 

When  a  solution  of  sulphuretted  hydrogen  in  water  is  decomposed  by  an  electric 
■current  the  sulphur  is  deposited  on  the  positive  pole,  and  has  therefore  an  electro- 
negative character,  and  this  sulphur  is  soluble  in  carbon  bisulphide.  When  a  solution 
of  sulphurous  acid  is  decomposed  in  the  same  manner,  the  sulphur  is  deposited  on  the 
negative  pole,  and  is  therefore  electro-positive,  and  the  sulphur  so  deposited  is  insoluble 
in  carbon  bisulphide.  The  sulphur  which  is  combined  with  metals  must  have  the  pro- 
perties of  the  sulphur  contained  in  sulphuretted  hydrogen,  whilst  the  sulphur  combined 
with  clilovine  is  like  that  which  is  combined  with  oxygen  in  sulphurous  anhydride. 
Hence  Berthelot  recognises  the  presence  of  soluble  sulphur  in  metallic  sulphides,  and  of 
the  insoluble  modification  of  amorphous  sulphur  in  sulphur  cliloride.  Cloez  showed  that 
the  sulphur  precii)itated  from  solutions  is  either  soluble  or  insoluble,  according  to 
whether  it  separates  from  an  alkaline  or  acid  solution.  If  sulphur  be  melted  with 
a  small  quantity  of  iodine  or  bromine,  then  on  pouring  out  the  molten  mass  it  forms 
■amorphous  sulphur,  which  keeps  so  for  a  very  long  time,  and  is  insoluble,  or  nearly  so,  in 
■carbon  bisulphide.  This  is  taken  advantage  of  in  casting  certain  articles  in  sulphur, 
wliich  by  this  means  retain  their  tenacity  for  a  long  time;  for  example,  the  discs  of 
■electrical  machines. 

^'  Here,,  however,  it  is  very  important  to  remark  that  both  benzene  and  acetylene 
can  exist  at  the  ordinary  temperature,  whilst  the  sulphur  molecule  S2  only  exists  at  high 
temperatures  ;  and  if  this  sulphur  be  allowed  to  cool,  it  passes  first  into  Sg  and  then  into 
a  liquid  state.  Were  it  possible  to  have  sulphur  at  the  ordinary  tenii:ierature  ii;  both  the 
above  modifications,  then  in  all  probability  the  sulxihur  in  the  state  S^,  woul^  present 
totally  different  properties  from  those  which  it  has  in  the  form  Sg,  just  as  the  pi'operties 
of  gaseous  acetylene  are  far  from  being  similar  to  those  of  liquid  benzene.  Sulphur,  in 
the  form  of  M.,,  is  probably  a  substance  which  boils  at  a  much  lower  temperature  than 
the  variety  with  which  we  are  now  dealing.  Paterno  and  Nasini  fl'~'''^^^),  following  the 
method  of  depression  or  fall  of  the  freezing-point  in  a  benzene  solution,  found  that  the 
molecule  of  sulphur  in  solution  contains  S^. 

One  must  here  call  attention  to  the  fact  that  sulphur,  with  all  its  analogy  to 
oxygen  (which  also  shows  itself  in  its  faculty  to  gi\e  the  modification  Sj),  is  also  able 
to  give  a  series  of  compounds  containing  more  atoms  of  sulphur  than  the  analogous  oxy- 
gen compounds  do  of  oxygen.     Thus,  for  instance,  compounds  of  5  atoms  of  sulphur  witli 


208  PEINCIPLES   OF   CHEMISTRY 

In  iffi  faculty  for  cotnhination,  sulphur  most  closely  resembles  oxygen 
and  chlorine  ;  like  them,  it  combines  with  nearly  all  elements,  with 
the  development  of  heat  and  light,  forming  sulphur  compounds,  but 
as  a  rule  this  only  takes  place  at  a  high  temperature.  At  the  ordinary 
temperature  it  does  not  enter  into  reactions,  owing,  amongst  other 
things,  to  the  fact  that  it  is  a  solid.  In  a  molten  state  it  acts  on  most 
metals  and  on  the  halogens.  It  burns  in  air  at  about  300°,  and  with 
carbon  at  a  red  heat,  but  it  does  not  combine  with  nitrogen. 

Fine  wires,  or  the  powders  of  the  greater  number  of  metals,  burn  in 
the  vapour  of  sulphur.  The  direct  combination  of  hydrogen  with  sul- 
phur is  restricted  by  a  limit — that  is,  at  a  given  temperature  and  under 
other  given  conditions  it  does  not  proceed  unrestrictedly  ;  there  is  no 
explosion  or  recalescence.  Sulphuretted  hydrogen,  HjS,  decomposes  at 
its  temperature  of  combination — that  is,  it  is  easily  dissociated.'^  The 
same  phenomenon  is  repeated  here  as  with  water,  except  that  the  tem- 
peratures at  which  the  attraction  of  hydrogen  for  sulphur  begins  and 
ceases  are  much  lower  than  in  the  case  of  oxygen  and  hydrogen.  The 
temperature  at  which  combination  takes  place  is  here,  as  in  many  other 
instances,  nearly  the  same  as  that  at  which  dissociation  laegins.  Hence 
sulplmretted  hydrogen  is  formed  in  a  small  quantity  by  the  direct 
ignition  of  a  mixture  of  the  vapour  of  sulphur  and  hydrogen.  How- 
ever, the  temperature  must  not  be  high,  because  otherwise  the  whole 
of  the  sulphuretted  hydrogen  is  decomposed  ;  but  at  lower  temperatures 
a  small  amount  of  sulphuretted  hydrogen  is  formed  by  direct  combina- 
tion."    Sulphuretted  hydrogen  however,  like  all  other  hydrogen  com- 

1  atom  of  barium,  BaS5,  are  known,  whereas  with  oxygen  only  BaOo  is  known.  On  every 
side  one  cannot  hut  see  in  sulphur  a  faculty  for  the  union  of  a  greater  number  of  atoms 
than  with  oxygen.  With  oxygen  the  form  of  ozone,  O3,  is  very  unstable,  the  stable  form 
is  O2  ;  whilst  with  sulphur  S^  is  the  stable  form,  and  S2  is  exceedingly  unstable.  Further- 
more, it  is  remarkable  that  sulphur  gives  a  higher  degree  of  oxidation,  H2SO4,  correspond- 
ing, as  it  were,  with  its  complex  composition,  if  we  suppose  that  in  Sg  four  atoms  of  sulphur 
are  replaced  by  oxygen  and  one  by  two  atoms  of  hydrogen.  The  formulas  of  its  compounds, 
K.,S04,  KoSjOj,  KqS5,  BaSs,  and  many  others,  have  no  analogues  among  the  compounds 
of  oxygen.  They  all  correspond  with  the  form  Sg  (one  portion  of  the  sulphur  being 
replaced  by  oxygen  and  another  by  metals),  which  is  not  ati^ined  by  oxygen.  In  this 
faculty  of  suli^hur  to  hold  many  atoms  of  other  substances  the  same  forces  appear  which 
cause  many  atoms  of  sulphm"  to  form  one  complex  molecule. 

1^  In  the  formation  of  potassium  sulphide,  KjS  (that  is,  in  the  combination  of  32 
parts  of  sulphur  with  78  parts  of  potassium),  about  100  thoasand  heat  units  are  deve- 
loped. Nearly  as  much  heat  is  developed  in  the  combination  of  an  equivalent  quantity 
of  sodium  ;  about  90  thousand  heat  units  in  the  formation  of  calcium  or  strontium  sul- 
phide ;  about  40  thousand  for  zinc  or  cadmium  sulphide,  and  about  20  thousand  for  iron, 
cobalt,  or  nickel  sulphide.  Less  heat  is  evolved  in  the  combination  of  sulphur  with 
copper,  lead,  and  silver.  According  to  Thomsen,  sulphur  develops  heat  with  hydrogen 
in  solutions.  The  reaction  In,Aq,H.jS  =  21,830  calories.  But,  as  the  reaction  lo  +  Hj-FAq 
develops  26,342  calories,  it  follows  that  the  reaction  H.34-S  develops  4,. 512  calories. 

i-^  If    sulphur   be   melted   in   a  flask   and]  heated   nearly  to    its   boiling  point,   as 
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pounds,  maybe  easily  obtained  by  the  double  decomposition  of  its  corre- 
sponding metallic  compounds,  the  replacement  of  the  metal  by  hydrogen 
being  effected  by  the  miction  of  acids  on  the  sulphides.  The  metallic  sul- 
phides are,  as  a  rule,  easily  formed.  A  sulphide,  when  mixed  with  a  non- 
volatile acid,  may  give,  by  double  decomposition,  a  salt  of  the  acid  taken 
and  sulphuretted  hydrogen,  M2S  +  H2S04  =  Ho8  +  M2S04.  However,  it 
is  not  all  sulphides  nor  solutions  of  all  acids  that  will  evolve  sulphuretted 
hydrogen,  which  fact  is  exceedingly  characteristic,  because,  for  example, 
all  carbonates  evolve  carbonic  anhydride  when  treated  with  any  acid. 
Sulphuric  acid  will  only  evolve  sulphuretted  hydrogen  from  those  sul- 
phides which  contain  a  metal  capable  of  decomposing  the  acid  with  the 
evolution  of  hydrogen.  Thus  zinc,  iron,  calcium,  magnesium,  manganese, 
potassium,  sodium,  &c.,  form  sulphides  which  evolve  sulphuretted 
hydrogen  when  treated  with  sulphuric  acid,  and  the  metals  themselves 
evolve  hydrogen  with  acids. ^'*  The  sulphides  of  those  metals  which  do 
not  liberate  hydrogen  from  acids  do  not  generally  act  on  acids — that  is, 

LidofE  showed,  tlie  addition,  drop  by  drop  (from  a  funnel  with  i\,  stopcock)  of  heavy  (0'9) 
naphtha  oil  (of  lubricating  oleonaphtha),  X'c,  is  followed  by  a  regular  evolution  of  sul- 
phuretted hydrogen.  This  is  analogous  to  the  action  of  bromine  or  iodine  on  paraffin 
and  other  oils,  because  hydrobromic  or  hydriodic  acid  is  then  formed  {Chapter  XI.) 
A  certain  amount  of  hydrogen  sulphide  is  even  formed  when  sulphur  is  boiled  with  water. 

1*  However,  the  matter  is  really  much  more  complicated.  Thus  zinc  sulphide  evolves 
sulphuretted  hydi'ogen  with  sulphuric  or  hj'-drochloric  acids,  but  does  not  react  with 
acetic  acid  and  is  oxidised  by  nitric  acid.  FeiTous  sulphide  evolves  sulphuretted  hydi'o- 
gen with  acids,  whilst  the  bisulphide,  FeSs,  does  not  react  with  acids  of  ordinary  strength. 
This  absence  of  action  depends,  among  other  things,  on  the  form  in  which  the  native 
iron  pyrites  occurs  ;  it  is  a  crystalline,  compact,  and  very  dense  substance  ;  and  acids  in 
general  react  with  great  difficulty  on  such  metallic  sulphides.  This  is  seen  vei-y  clearly 
in  the  case  of  zinc  sulphide ;  if  this  substance  is  obtained  by  double  decomposition,  it 
separates  as  a  white  precipitate,  which  evolves  sulphuretted  hydrogen  with  great  ease 
when  treated  with  acids.  Zinc  sulphide  is  obtained  in  the  same  form  when  zinc  is  fused 
with  sulphur,  but  native  zinc  sulphide — which  occurs  in  compact  m.asses  of  zinc  blende, 
and  has  a  metallic  lustre — is  not  decomposed  or  scarcely  decomposed  by  sulphuric  acid. 

Another  source  of  comx^lication  in  the  behaviour  of  the  metallic  sulphides  towards 
acids  depends  on  the  action  of  water,  and  is  shown  in  the  fact  that  the  action  varies 
with  different  degrees  of  dilution  or  proportion  of  water  present.  The  best  known 
example  of  this  is  antimonious  sulphide,  Sb2Sj,  for  strong  hydrocliloric  acid,  contain- 
ing not  more  water  tluin  corresponds  with  HCl,6H.;jO,  even  decomposes  native  anti- 
mony glance,  ^vith  evolution  of  sulphuretted  hydrogen,  whilst  dilute  acid  has  no  action, 
and  in  the  presence  of  an  excess  of  water  the  reaction  2SbCl~-|-3H2S  =  SboS5+6HCl 
occurs,  whilst  in  the  presence  of  a  small  amount  of  water  the  reaction  proceeds  in 
exactly  the  opposite  direction.  Here  the  participation  of  water  in  the  reaction  and  its 
affinity  are  evident. 

The  facts  that  lead  sulphide  is  insoluble  in  acids,  that  ziuc  sulphide  is  soluble  in 
hydrochloric  acid  but  insoluble  in  acetic  acid,  that  calcium  sulphide  is  even  decomposed 
by  carbonic  acid,  &e. — all  these  peculiarities  of  the  sulphides  are  in  correlation  with  the 
amount  of  heat  evolved  in  the  reaction  of  the  oxides  with  hydrogen  sulphide  and  with 
acids,  as  is  seen  from  the  observations  of  Favre  and  Silberman,  and  from  the  comparisons 
made  by  Berthelot  in  the  Proceedings  of  the  Paris  Academy  of  Sciences,  1870,  to  which 
we  refer  the  reader  for  further  details. 
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do  not  form  sulphuretted  hydrogen  with  them  ;  such  are,  for  example, 
the  sulphides  of  lead,  silver,  copper,  mercury,  tin,  ifcc.  Therefore,  the 
modus  opemndi  of  the  formation  of  sulphuretted  hydrogen  by  the  action 
of  acids  on  metallic  sulphides  may  be  looked  on  as  a  phenomenon  of  the 
combination  of  hydrogen,  at  the  moment  of  its  evolution,  with  the  sul- 
phur, which  is  combined  with  the  metal.  Such  a  representation  is  all 
the  more  simple  as  all  the  circumstances  under  which  sulphuretted 
hydrogen  is  formed  are  exactly  similar  to  the  conditions  of  the  forma- 
tion of  hydrogen  itself.  Thus  the  usual  mode  of  preparing  sulphuretted 
hydrogen  is  by  the  action  of  n/dphuric  acid  on  Jerrous  sulphide,  in 
which  the  same  apparatus  and  method  are  employed  as  in  the  prepara- 
tion of  hydrogen,  only  replacing  the  metallic  iron  or  zinc  by  ferrous 
sulphide  or  zinc  sulphide.  The  reaction  between  sulphide  of  iron  and 
sulphuric  acid  takes  place  at  the  ordinary  temperature,  and  is  accom- 
panied by  just  as  small  a  development  of  heat  as  in  the  liberation  of 
hydrogen  itself,  FeS-|-H2S04=reS04  +  H2S.'' 

la  nature  sulphuretted  hydrogen  is  formed  in  many  ways.  The 
most  usual  mode  of  its  formation  is  by  the  decomposition  of  albu- 
minous substances  containing  sulphur,  as  mentioned  above.  Another 
method  is  by  the  reducing  action  of  organic  matter  on  sulphates, 
and  by  the  action  of  water  and  carbonic  acid  on  the  sulphides  formed 
by  this  reduction.  Volcanic  eruptions  are  a  third  source  of  sulphuretted 
hydrogen  in  nature.  Although  sulphuretted  hydrogen  is  formed  in 
small  quantities  everywhere,  it  nevertheless  soon  disappears  from  the 
atmosphere,  owing  to  its  being  easily  decomposed  by  oxidising  agencies. 
Many  mineral  waters  contain  sulphuretted  hydrogen,  and  smell  of  it ; 
they  are  called  '  sulphur  waters.' 

Sulphuretted  hydrogen,  at  the  ordinary  temperature,  is  a  colourless 
gas,  having  a  a  very  unpleasant  odour.  It  has,  as  its  composition  H^S 
shows,  a  specific  gravity  seventeen  times  greater  than  hydrogen,  and 

15  J^crrous  stdpJiide  is  formed  by  heating  a  piece  of  iron  to  an  incipient  white  heat, 
and  then  remoWng  it  from  the  furnace  and  bringing  it  into  contact  with  a  piece  of 
sulphur.  Combination  then  proceeds,  accompanied  by  the  development  of  heat,  and  the 
ferrous  sulphide  formed  fuses.  The  sulphide  of  iron  thus  formed  is  a  black,  easily- 
fusible  substance,  insoluble  in  water.  When  damp  it  attracts  oxygen  from  the  air,  and 
is  conTerted  into  green  vitriol,  FeS04.  If  all  the  iron  does  not  combine  with  the  sulphur 
in  the  method  described  above,  the  action  of  sulphnric  acid  mil  evolve  hydrogen  as  well 
as  hydi'ogen  sulphide. 

"SVe  ^viil  not  describe  the  details  of  the  preparation  of  sulphuretted  hydrogen 
employed  as  a  reagent  in  the  laboratory,  because,  in  the  first  place,  the  methods  ai'e 
essentially  the  same  as  in  the  preparation  of  hydrogen,  and,  in  the  second  place,  because 
the  apparatus  and  methods  employed  are  always  described  in  text-books  of  analytical 
chemisti-y.  Ferrous  sulphide  may  be  advantageously  replaced  by  calcium  sulphide  or  a 
mixture  of  calcium  and  magnesium  sulphides.  A  solution  of  magnesium  hydrosulphide, 
ilgSjHaS,  is  very  convenient,  as  at  60°  it]evolves  a  stream  of  pure  hydrogen  sulphide.  A 
paste,  consisting  of  CuS  with  crystals  of  MgCLj  and  water,  may  also  be  employed,  since 
it  only  evolves  H2S  when  heated  (Habermann). 
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therefore  it  is  somewhat  heavier  than  air.  Sulphuretted  hydrogen  liq^ie- 
Jies  at  about  —74°,  and  at  the  ordinary  temperature  when  subjected  to  a 
pressure  of  10  to  15  atmospheres  ;  at  —85°  it  is  converted  into  a  solid 
crystalline  mass.^^^i^  The  easy  liquefaction  of  sulphuretted  hydrogen 
is  evidently  allied  to  its  solubility.  One  volume  of  water  at  0°  dis- 
solves 4*37  volumes  of  sulphuretted  hydrogen,  at  10°  3'58  volumes, 
and  at  20°  2*9  volumes.'*^  The  solutions  impart  a  very  feeble  red 
coloration  to  litmus  paper.  This  gas  is  poisonous.  One  part  in  fifteen 
hundred  parts  of  air  will  kill  birds.  Mammalia  die  in  an  atmosphere 
containing  -^^  of  this  gas. 

Sulphuretted  hydrogen  is  xerj  easily  discomposed  into  its  component 
parts  by  the  action  of  heat  or  a  series  of  electric  sparks.  Hence  it  is 
not  surprising  that  sulphuretted  hydrogen  undergoes  change  under  the 
action  of  many  substances  having  a  considerable  affinity  for  hydrogen 
and  oxygen.  Very  many  metals  ^'^  evolve  hydrogen  with  sulphuretted 
hydrogen,  so  that  in  this  respect  it  presents  the  property  of  an  acid ;  for 
instance,  2H2S  -}-Sn^2H2  +  SnS2.  This  may  be  taken  advantage  of  for 
determining  the  composition  of  sulphuretted  hydrogen,  because  a  given 
volume  then  leaves  the  same  volume  of  hydrogen.  On  the  other  hand, 
oxygen,^^  chlorine, ^^  and  even  iodine  decompose  sulphuretted  hydrogen, 

15  bis  Liqxiid  sulphuretted  hydrogen  is  most  easily  obtbiined  by  the  decomposition  of 
hydrogen  polysulphide,  which  we  shall  presently  describe,  by  the  action  of  heat,  and  in 
the  presence  of  a  small  amount  of  water.  If  poured  into  a  bent  tube,  like  that  described 
for  the  liquefaction  of  ammonia  (Chapter  VI.))  the  hydrogen  polysulphide  is  decomposed 
by  heat,  in  the  presence  of  water,  into  sulphur  and  sulphuretted  hydrogen,  which  con- 
denses in  the  cold  end  of  the  tube  into  a  colourless  liquid. 

1*^  Sulphuretted  hydrogen  is  still  more  soluble  in  alcohol  than  in  water ;  one  volume 
at  the  ordinary  temperature  dissolves  as  much  as  eight  volumes  of  the  gas.  The  solu- 
tions in  water  and  alcohol  undergo  change,  especially  in  open  vessels,  owing  to  the  fact 
that  the  water  and  alcohol  dissolve  oxygen  from  the  atmosphere,  which,  acting  on  the 
sulphuretted  hydrogen,  forms  water  and  sulphur.  The  solution  may  be  so  altered  in 
this  manner  that  every  trace  of  sulphuretted  hydrogen  disappears.  Solutions  of  sul- 
phuretted hydrogen  in  glycerine  change  much  more  slowly,  and  may  therefore  be  kept  for 
a  long  time  as  reagents.  De  Forcrand  obtained  a  hydrate,  HoS,lGH.)0,  resembling  the 
hydrates  given  by  many  gases. 

^'  Some  metals  evolve  hydrogen  from  sulphuretted  hydrogen  at  the  ordinary  tem- 
perature. For  example,  the  light  metals,  and  copper  and  silver  (especially  with  the 
access  of  air  ?)  among  the  heavy  metals.  Hence  articles  made  of  silver  turn  black  in  the 
presence  of  vapours  containing  sulphuretted  hydrogen,  because  silver  sulphide  is  black. 
Zinc  and  cadmium  act  at  a  red  heat,  but  not  completely. 

^^  If  sulphuretted  hydrogen  escapes  from  a  fine  orifice  into  the  air,  it  will  burn  when 
lighted,  and  be  transformed  into  sulphurous  anhydride  and  water.  But  if  it  burns  in  a 
limited  supply  of  air — for  instance,  when  a  cylinder  is  filled  \vith  it  and  lighted — then  only 
the  hydrogen  burns,  which  has,  judging  from  the  amount  of  heat  developed  in  its  com- 
bustion and  from  all  its  properties,  a  greater  affinity  for  oxygen  than  sulphur.  In  this 
respect  the  combustion  of  sulphuretted  hydrogen  resembles  that  of  hydrocarbons. 

^^  Hence  bleaching  powder  and  chlorine  destroy  the  disagreeable  smell  of  sul- 
phuretted hydrogen.  (For  the  reaction  of  hydrogen  sulphide  and  iodine,  see  Chapter 
XI.  p.  504.) 
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removing  the  hydrogen  from  it  and  leaving  free  sulphur,  so  that  in 
this  reaction  the  sulphur  is  replaced  Ly  the  almve-nanied  elements  ;  for 
example,  Ho8 +  Br.,=2HBr  +  S.     In  no  other  hydrogen  compound  is 
it  so  easy  to  show  the  (■•iibstifiition,  both  of  h^'drogen  and  of  the  ele- 
ment combined  with  it,  as  in  hydrogen  sulphide.     This  clearly  proves 
the  feeble  union  betvifeen  the  elements  forming  this  gas.     Compounds 
containing  a  considerable  amount  of  oxygen,  with  which  they  easily 
part,  can  accomplish  the  separation  of  the  sulphur  very  easily.     Such 
are,  for  instance,  nitrous  acid,  chromic  acid,  and  even  ferric  oxide  and 
the  higher  oxides  like  it.     Thus,  if  sulphuretted  hydrogen  be  passed 
into  a  solution  of  chromic  acid  or  an   acid  solution   of  ferric  oxide, 
,   water  is  formed,  ami  the  sulphur  is  sfjtarated  in  a  free  state.     Thus, 
,  •  sulphuretted  hydrogen  acts  as  a  reducing  agent,  in  virtue  of  the  hydro- 
gen it  contains.     Salts  of  iodic,  chlorous,  chloric,  and  other  acids  are 
reduced  by  sulphuretted  hydrogen,  their  oxygen  acting  mainly  on  its 
hydrogen  ;    but  in  the  presence  of  an   excess  of  a  powerful  oxidising 
agent  a  portion  of  the  sulphur  may  also  be  oxidised   to  sulphurous 
anhydride.    The  reducing  action  of  sulphuretted  hydrogen  is  frequently 
applied  in  chemical  manipulations  fur  the  preparation  of  lower  oxides, 
and  for  the  conversion  of    certain  oxygen  compounds  into  hydrogen 
compounds  :    thus,  the  higher  o.xides  of   nitrogen  are  converted   into 
ammonia  by  it,  and  in  the  presence  of  alkalis  the  nitro-corapounds  are 
converted  into   ammonia    derivatives.      The  reaction  of  sulphuretted 
hydrogen   on   sulphurous  anhydride  belongs    to  this    class    of   pheno- 
mena, the  chief  products  of  which  are  sulphur  and  water,  2H.,S-|-S02 
=  2H,0  +  S3. 

The  acid  character  of  sulphuretted  hydrogen  is  clearly  seen  in  its 
action  on  alkalis  and  salts. '^'''^  Thus  lead  oxide  and  its  salts  in 
the  presence  of  sulphuretted  hydrogen  form  water  or  an  acid,  and  sul- 
phide of  lead  :  Pl>X2-l-H.,S=PbS  +  2HX.  This  reaction  takes  place 
even  in  the  presence  of  powerful  acids,  because  lead  sulphide  is  one  of 
those  sulphides  which  are  unacted  on  by  acids,  and  in  solutions  the 
reaction  is  a  complete  one.  This  reaction  is  taken  advantage  of  for 
the  preparation  of  many  acids,  by  first  converting  into  a  lead  salt,  and 
then  submitting  this  salt  to  the  action  of  sulphuretted  hydrogen.  For 
example,  lead  formate  wi*h  sulphuretted  hydrogen  gives  formic  acid. 
Sulphuretted  hydrogen  in  acting  on  a  number  of  metallic  acid  substances 
in  solution  or  in  an  anhydrous  state  also  forms  corresponding  sulphates  : 
(1)  if  it  does  not  reduce  the  acid  ;  (2)  if  the  sulphur  compound  corre- 
sponding with  the  anhydride  of  the   acid  be  insoluble  in  water,  the 

lybis  Perfectly  dry  H.>S  (Hughes  1892)  has  no  action  upon  perfectly  dry  salts,  ju^t  as 
dry  HCl  does  not  react  with  dry  XH^  or  metal-;  (Chai>ter  IX.,  Note  29). 
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reaction  proceeds  in  solutions  ;  (3)  if  the  sulphuretted  hydrogen  and  the 
acid  taken  do  not  come  in  contact  with  an  alkali,  on  which  they  would 
be  able  to  act  first ;  and  (4)  if  the  sulphur  compound  be  not  decomposed 
by  water.  Thus  solutions  of  arsenious  acid  give  a  precipitate  of 
arsenious  sulphide,  AsjSj,  with  sulphui'etted  hydrogen.  This  reaction 
proceeds  not  only  in  the  presence  of  water,  but  also  of  acids,  because 
the  latter  do  not  decompose  the  resultant  sulphur  compounds.  The 
type  of  the  decomposition  is  the  same  as  with  bases — that  is,  the 
sulphur  and  oxygen  change  places  :  E,0„  +  ?tH2S  =  RS„  +  nH20.  Some 
sulphides  corresponding  with  acid  anhydrides  are  decomposed  by 
water,  and  therefore  are  not  formed  in  the  presence  of  water.  Such, 
for  example,  are  the  sulphides  of  phosphorus.^" 

The  metallic  sulphides  corresponding  with  the  metallic  oxides 
have  eitliei-  a  feeble  alkaline  or  a  feeble  acid  character,  according  to 
the  character  of  the  corresponding  oxide,  and  therefore  by  combining 

-^  The  sulphide  P4S  is  obtained  by  cautiously  fusing  the  requisite  proportions  of 
common  phosphorus  and  sulphur  under  water ;  it  is  a  liquid  which  solidifies  at  0°,  and 
-  may  be  distilled  without  undergoing  change,  but  it  fumes  in  air  and  easily  takes  fire.  The 
higher  sulphide,  P.^S,  has  similar  properties.  But  little  heat  is  evolved  in  the  formation 
of  these  compounds,  and  it  may  be  supposed  that  they  are  formed  by  the  direct  conjunc- 
tion of  whole  molecules  of  phosphorus  and  sulphur ;  but  if  the  proportion  of  sulphur  be 
increased,  the  reaction  is  accompanied  by  so  considerable  a  rise  of  temiierature  that  an 
explosion  takes  place,  and  for  the  sake  of  safety  red  phosphorus  must  be  used,  mixed 
as  intimately  as  possible  with  powdered  sulphur  and  heated  in  an  atmosi^here  of  carbonic 
anhydride.  The  higher  compounds  are  decomposed  by  water.  By  increasing  the  pro- 
portion of  sulphur,  the  following  compounds  have  been  obtained  :  P.iS.-;  as  prisms  (fuses 
at  165°,  Eebs),  soluble  in  carbon  bisulphide,  and  tmaltered  by  air  and  water ;  phosphorus 
trisulphide,  P0S5,  is  the  analogue  of  P0O-, ;  it  is  a  light  yellow  ci-ystalline  compound 
only  slightly  soluble  in  carbon  bisulphide,  fusible  and  volatile,  decomposed  into  hydro- 
gen sulpiride  and  phosphorous  acid  by  water,  and,  like  the  highest  compound  of 
sulphur  and  phosphorus,  P0S5,  it  forms  thio-salts  with  xsotassium  sulphide,  &c.  This 
phosphorus pentasulphide  corresponds  with  phosphoric  anhydride ;  like  the  trisulphide  it 
gives  hydrogen  sulphide  and  phosphoric  acid  with  an  excess  of  water.  It  reacts  in  many 
respects  like  phosphoric  chloride.  The  sulphide  PS,  is  also  known  ;  the  vapour  density 
of  tills  compound  seems  to  indicate  a  molecule  PjSe. 

Phosphorus  sulphochlonde,  PSCI5,  corresponds  with  phosphorus  oxycliloi-ide.  It  is 
a  colourless,  pleasant- smeUing  liquid,  boiling  at  124°,  and  of  sp.  gr.  1-68  ;  it  fumes  in  air 
and  is  decomposed  by  water :  PSCI5  -I-  411,0  =  PH5O4  +  HjS  -I-  3HC1.  It  is  obtained 
when  phosphoric  chloride  is  treated  with  hydrogen  sulphide,  hydrochloric  acid  being  also 
formed ;  it  is  also  produced  by  the  action  of  phosphoric  chloride  on  certain  sulphides — for 
example,  on  antimonious  sulphide,  also  by  the  (cautious)  action  of  phosphorus  on  sulphur 
chloride :  2P  -i-  3S.,C1.,  =  2PSCI3  4-  4S,  by  the  action  of  PCI5  upon  certain  sulphides,  for 
example,  SbjS^,  by  the  reaction :  3IttCl  -h  P2S5  =  PSCI5  +  M3PS4  (Glatzel,  1893),  and  in  the 
reaction  3PCI5  +  SOCl,  =  PCI5  -I-  POCl,-  +  PSCI3,  showing  the  reducing  action  of  phos- 
phorus trichloride,  which  is  especially  clear  in  the  reaction  SO,-,  -I-  PCI,,  =  SO,  +  POCl;. 
Thorpe  and  Ilodger  (1889),  by  heating  SPbP,  or  BiF,-  with  phosphorus  pentasulphide 
(and  also  by  heating  ASF5  and  PSCI5  to  150°),  obtained  thiophosphoryl  fluoride  as  a 
colourless,  spontaneously  inflammable  gas  (see  further  on.  Note  74  bis,  and  Chapter  XIX., 
Note  25).  The  action  of  PSCI3  upon  NaHO  gives  a  salt  of  monothiophosphoric  acid 
(Wiirtz,  Kubierschky),  H3PSO5,  which  gives  soluble  salts  of  the  alkalis. 
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together  they  are  able  to  form  saline  substances — that  is,  salts  in 
which  the  oxygen  is  replaced  by  sulphur.  Thus  sulphuretted  hydrogen 
having  the  properties  of  a  feeble  acid  ^'  has,  at  the  same  time,  the 
properties  of  water,  and  forms  the  type  of  the  sulphur  derivatives, 
which  may  also  be  formed  by  means  of  sulphuretted  hydrogen,  just  as 
the  oxides  may  be  formed  by  the  aid  of  water.  But  as  sulphuretted 
hydrogen  has  acid  properties,  it  combines  more  easily  with  the  basic 
metallic  sulphides.  Hence,  for  instance,  there  exists  a  compound 
of  sulphuretted  hydrogen  with  potassium  sulphide,  potassium  hydro- 
sulphide,  2KHS=K2S-|-H.2S,  just  as  there  are  potassium  hydroxides; 
but  there  are  scarcely  any  compounds  of  sulphuretted  hydrogen  with 
the  sulphides  corresponding  with  acids.  Thus  the  sulphides  of  the 
metals  may  be  regarded  either  as  salts  of  sulphuretted  hydrogen  or  as 
oxides  of  the  metals  in  which  the  oxygen  is  replaced  by  sulphur.  In 
general  terms  the  sulpliides  exhibit  the  same  degrees  of  difference  with 
respect  to  their  solubility  in  water  as  do  the  oxides.  Thus  the  oxides  of 
the  alkali  metals,  and  of  some  of  the  metals  of  the  alkaline  earths,  are 
soluble  in  water,  whilst  those  of  nearly  all  the  other  metals  are  insoluble. 
The  same  may  be  said  as  to  the  sulphides  ;  the  sulphides  of  the  metals 
of  the  alkalis  and  certain  of  the  alkaline  earths  are  soluble  in  water, 
whilst  those  of  the  other  metals  are  insoluble.  Those  metals,  like  alu- 
minium, whose  oxides — for  example,  AI2O3 — have  intermediate  pro- 
perties and  do  not  form  compounds  with  feeble  acids,  at  least  in  a 
wet  way,  also  do  not  form  sulphides  by  this  method,  although  these 
may  be  obtained  indirectly.  And  in  general  the  sulphides  of  the  metals 
are  easily  formed  in  a  wet  way,  and  with  particular  ease  if  they  are 

-'  Sulphuretted  hydi'ogen  does  not  saturate  the  alkaline  properties  of  alkali 
hydroxides,  so  that  a  solution  of  potassium  hydroxide  will  not  under  any  circumstance'- 
give  a  neutral  liquid  with  sulphuretted  hydrogen.  In  this  case  the  sulphuretted 
hydrogen  forms  in  solution  only  an  acid  salt  with  the  potassium :  KHO  +  H.jS 
=  KHS  +  HoO.  It  must  be  supposed  that  the  normal  salt  is  not  formed  in  the  solution 
— that  is,  that  the  reaction  2KH0  +  H^S  =  K^S  +  SHjO  does  not  take  place.  This  is 
seen  from  the  fact  that  a  development  of  heat,  depending  on  the  formation  of  potassium 
hydrosulphide,  KHS,  is  remarked  when  as  much  hydrogen  sulphide  is  passed  into  a 
solution  of  potassimn  hydroxide  as  it  will  absorb.  But  if  a  further  quantity  of  potassium 
hydroxide  be  added  to  the  resultant  solution,  heat  is  not  developed,  whilst  if  alkali  be 
added  to  potassium  acid  sulphate  or  sodium  acid  carbonate,  heat  is  developed.  It  must 
not  be  concluded  from  this  that  HoS  is  a  monobasic  acid,  for  here  there  is  a  question  of  the 
decomposing  action  of  water  upon  KoS  ;  K.iS  and  HoO  in  reacting  on  each  other  should 
absorb  heat  if  the  reaction  of  KHS  upon  KHO  evolves  heat.  Furthermore,  it  must  be 
taken  into  account  that  liotassium  oxide,  KoO,  and  the  anhydrous  oxides  like  it,  also  do 
uot  exist  in  solutions,  for  whenever  they  are  formed  they  immediately  react  with  the 
water,  forming  caustic  potash,  KHO,  itc,  In  the  same  way,  directly  potassium  sulphide, 
K.iS,  is  formed  in  water  it  is  decomposed  into  potassium  hydroxide  and  hydrosulphide  : 
KoS  +  H.jO  =  KHO  +  KHS.  Potassium  sulphide,  K.;S,  in  n  solid  state  corresponds  with 
KoO,  although  neither  can  exist  in  solution. 
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insoluble  in  water.  In  this  case  their  salts  enter  into  double  decom- 
position with  sulphuretted  hydrogen,  or  with  soluble  sulphides,  and 
give  an  insoluble  sulphide — for  instance,  a  salt  of  lead  gives  lead 
sulphide  with  sulphuretted  hydrogen.  By  the  action  of  sulphuretted 
hydrogen  on  a  salt  of  a  metal,  a  free  acid  must  be  formed  besides  the 
metallic  sulphide.  Thus  if  a  metal  M  be  in  a  state  of  combination 
MX2,  then  by  the  action  of  sulphuretted  hydrogen  there  will  be  formed, 
besides  MS,--'  an  acid  2HX.  It  is  evident  that  sulphuretted  hydrogen 
will  not  precipitate  an  insoluble  sulphide  from  the  salts  of  those  metals 
whose  sulphides  react  with  free  acid,  such  as  zinc,  iron,  manganese,  &c. 
The  reaction  FeClg  +  H2S  =  FeS  +  2HC1,  and  the  like,  do  not  take  place 
because  the  acid  acts  on  the  ferrous  sulphide.  Antimonious  sulphide 
is  not  acted  on  by  dilute  hydrochloric  acid,  but  it  is  decomposed  by 
strong  acid,  and  therefore  in  presence  of  an  excess  of  hydrochloric  acid 
antimonious  chloride  does  not  entirely  react  with  hydrogen  sulphide, 
whilst  the  reaction  2SbCl3  +  3H2S=Sb2S3-|-6IICl  is  a  complete  one 
in  a  dilute  solution  and  with  a  small  quantity  of  acid.  Those  metallic 
sulphides  which  are  decomposed  by  acids  may  be  obtained  in  a  wet  way 
by  the  double  decomposition  of  the  salts  of  the  metals,  not  with  hydro- 
gen sulphide,  but  with  soluble  metallic  sulphides,  such  as  sulphide  of 
ammonium  or  of  potassium,  because  then  no  free  acid  is  formed,  but  a 
salt  of  the  metal  (potassium  or  ammonium)  which  was  taken  as  a 
soluble  sulphide.     So,  for  example,  FeClg  +  K^S  =FeS  +  2K01.23 

^2  During  recent  years  (beginning  with  Schulze,  1882J  it  has  been  found  that  many 
metallic  sulphides  which  were  considered  totally  insoluble  do,  under  certain  circum- 
stances, form  very  unstable  solutions  in  water,  as  already  mentioned  in  Chapter  I., 
Note  57.  Arsenic  sulphide  is  very  easily  obtained  in  the  form  of  a  solution  (hydrosol). 
Solutions  of  copper  and  cadmium  sulphides  may  also  be  easily  obtained  by  precipitating 
their  salts  CuX-i,  or  CdX.^,  with  ammonium  sulphide,  and  washing  the  precipitate ;  but 
tliey  are  re-precipitated  by  the  addition  of  foreign  salts. 

-'  In  reality  the  preceding  reaction  should  be  expressed  thus  :  FeCl.^  +  2KHS 
=  FeS  +  2KC1  +  HoS  {Note  21),  because  in  the  presence  of  water  not  K.jS  but  KHS 
reacts.  But  as  the  sulphuretted  hydrogen  takes  no  part  in  the  reaction,  it  is  usual  to 
express  the  formation  of  such  sulphides  without  taking  the  hydrogen  sulphide  proceeding 
from  the  potassium  or  ammonium  hydro  sulphides  into  account.  It  is  not  usual  to  employ 
potassium  sulphide  but  ammonium  sulphide — or,  to  speak  more  accurately,  ammonium 
hydrosulphide — in  order  to  avoid  the  formation  of  a  non- volatile  salt  of  i^otassium  and  to 
have,  together  with  the  formation  of  the  sulphide,  a  salt  of  ammonium  which  can  alw^ays 
be  driven  off  by  evaporating  the  solution  and  igniting  the  residue— for  instance  : 
FeClo  +  (NH4)2S  =  FeS  +  2NH4CI.  Thus  the  metallic  sulphides  may  be  divided  into 
three  chief  classes:  (1)  those  soluble  in  water,  (2)  tJiose  insoluble i?i  water  but  reacting 
with  acids,  and  (3)  those  insoluble  both  in  water  and  acids.  The  third  class  maybe 
easily  subdivided  into  two  groups ;  to  the  first  group  belong  those  sulphides  which 
correspond  with  bases  or  basic  oxides,  and  are  therefore  unable  to  play  the  part  of  an 
acid  with  the  sulphides  of  the  alkalis,  and  are  insoluble  in  NH4HS,  whilst  the  sulphides 
of  the  second  group  are  of  an  acid  character,  and  give  soluble  thio-salts  with  the 
sulphides  of  the  alkaline  metals,  in  which  they  play  the  part  of  an  acid.     To  this  group 
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Metallic  sulphides  may  be  obtained  by  many  other  means  besides 
the  action  of  sulphuretted  hydrogen  on  salts  and  oxides,  or  by  the 
iiimple  combination  of  metals  with  sulphur  when  heated  or  fused.  Thus 
they  may  also  be  formed  by  the  reduction  of  sulphates  by  heating  them 
with  charcoal  or  other  means.  Charcoal  takes  up  the  oxygen  from 
many  sulphates,  leading  corresponding  sulphides.  Thus  sodium  sul- 
phate, Na2S04,   when   heated   with  charcoal,  forms  sodium  sulphide, 

belong  those  metals  whose  corrf--poudkig  oxides  have  acid  properties.  It  must  be 
observed,  however,  that  not  all  metallic  acids  have  corresponding  sulphides,  partly 
owing  to  tlie  fact  that  certain  acids  are  reducible  by  sulphuretted  hydrogen,  especially 
wheu  their  lower  degrees  of  oxidation  are  of  a  basic  character.  Such  are,  for  instance, 
the  acids  of  cliromium,  manganese,  c^'e.  Sulphuretted  hydrogen  converts  them  into 
lower  oxides,  ha\  ing  the  properties  of  bases.  Those  bases  wliich  do  not  combine  with 
feeble  acids,  such  as  carbonic  acid  and  hydrogen  sulphide,  give  a  precipitate  of  hydroxide 
with  ammonium  sulphide — for  example,  aluminium  salts  react  in  this  manner.  This 
difference  of  the  metals  in  their  behaviour  towards  sulphuretted  hydrogen  gives  a  very 
valuable  means  of  separating  them  from  each  other,  and  is  taken  advantage  of  in 
analytical  cheniistrij.  If,  for  instance,  the  metals  of  the  first  and  thix'd  groups  occur 
together,  it  is  only  necessary  to  convert  them  into  soluble  salts,  and  to  act  on  the 
solution  of  the  salts  with  sulphuretted  hydrogen ;  this  will  precipitate  the  metals  of  the 
third  group  in  the  form  of  sulphides,  whilst  the  metals  of  the  first  group  will  not  be  in 
the  least  acted  on.  Such  a  method  of  separating  the  metals  is  considered  more  fully  in 
analytical  chemistry,  and  we  will  therefore  limit  ourselves  here  to  pointing  oiit  to  which 
groups  the  most  common  metals  belong,  and  the  colour  which  is  proper  to  the  sulphide 
precipitated. 

Metals  ivhicli  arc  precipitated  hy  sulphuretted  hydrogen^  as  sul^Jhides  from  a  solu- 
tion of  their  salts,  even  in  the  presence  of  free  acid  : 

The  precipitate  is  soluble  in  ammonium  sulphide : 

Platinum  {dark  brown) 


Gold  (dark  brown) 
Tin  (yellow  and  brown) 


Antimony  (orange) 
Arsenic  (yellow) 


The  precipitate  is  insoluble  in  ammonium  sulphide  : 

Copper  (black)  I  Mercury  (black) 

Silver  (black)  Lead  (black) 

Cadmium  (yellow)  I 

Metals  which  arc precijjitated  by  ammonium  sulphide  from  neutural  solutions,  but 
not  precipitated  from  acid  solutions  by  sulphuretted  hydrogen  : 
Tlie  sulphide  precipitated  is  soluble  in  hydrochloric  acid : 

Zinc  (white)  I  Manganese  (rose  colour)  i  Iron  (black) 

The  sulphide  precipitated  is  not  soluble  in  dilute  hydrochloric  acid  : 

y:ickel  (black)  ]  Cobalt  (black) 

A  hydroxide,  and  not  a  sulphide,  is  precipitated : 

Chromium  (green)  |  Aluminium  (white) 

The  metals  of  the  alkalis  and  of  the  alkaline  earths  are  not  precipitated  either  by 
sulphuretted  hydrogen  or  ammonium  sulphide.  The  metals  of  the  alkaline  earths  when 
in  acid  solutions  in  the  form  of  phosphates  and  many  other  salts  are  precipitated  by 
a,mmonium  sulphide,  because  the  latter  neutralises  the  free  acid,  with  fonnation  of  i\\\ 
ammonium  salt  of  the  acid  and  evolution  of  sulphuretted  hydrogen. 
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Xa^S.  Besides  which  metallic  sulphides  are  also  obtained  by  heating- 
metals  or  their  oxides  in  the  vapours  of  many  sulphur  compounds — for 
example,  in  the  vapour  of  carbon  bisulphide,  CS2,  when  the  carbon  takes 
up  the  oxygen  and  the  sulphur  combines  with  the  metal.  The  sulphides 
formed  in  this  manner  are  often  crystalline,  and  often  appear  with 
those  properties  and  in  that  crystalline  form  in  which  they  occur  in 
nature.  Besides  which  we  must  mention  that  many  of  the  sulphides 
of  the  metals  are  oxidised  in  air  at  the  ordinary,  and  especially  at  a 
higher,  temperature,  forming  either  SO.2  and  the  oxide  of  the  metal  or 
sulphates.  This  oxidation  proceeds  with  particular  ease,  even  at  the 
ordinary  temperature,  when  a  metallic  sulphide  is  precipitated  from 
its  solutions,  as  a  tine  powder  containing  water.  The  sulphides  of  iron 
and  manganese,  Arc,  are  very  easily  oxidised  in  this  manner.  But  if 
these  hydrates  be  ignited,  they  lose  their  water  (the  ignition  must  be 
carried  on  in  a  stream  of  hydrogen  to  prevent  their  oxidation  during 
the  process),  become  denser,  and  are  no  longer  oxidised  at  the  ordinary 
temperature.  Those  sulphides  whose  corresponding  sulphates  are  de- 
composed by  heat  part  with  their  sulphur  in  the  form  of  sulphurous 
anhydride  when  they  are  ignited  in  air,  and  the  metal,  as  a  rule, 
remains  behind  as  oxide.  This  is  tal?en  advantage  of  in  the  treatment 
of  sulphurous  ores.     The  process  is  called  roasting. 

Hydrogen  not  only  forms  sulphuretted  hydrogen  with  sulphur,  but 
it  also  combines  with  it  in  several  other  proportions,  just  as  it  combines 
^vith  oxygen,  forming  not  only  water  but  also  hydrogen  peroxide. 
Moreover  these  poly  sulphides  of  hydrogen  are  also  unstable,  like 
hydrogen  peroxide,  and  are  also  obtained  from  the  corresponding 
polysulphides  of  the  metals  of  the  alkaline  earths,  just  as  hydrogen 
peroxide  is  obtained  from  barium  peroxide.  Thus  calcium  forms  not 
only  calcium  sulphide,  CaS,  but  also  as  bi-,  tri-,  and  penta-sulphide, 
CaSj,  and  all  these  compounds  are  soluble  in  water.  Sodium  also  com- 
bines with  sulphur  in  the  same  proportions,  forming  sulphides  from 
Na^S  to  NajSj.  Tf  an  acid  be  added  to  a  solution  of  a  polysulphide, 
it  gives  sulphur,  sulphuretted  hydrogen,  and  a  salt  of  the  metal.  For 
instance,  MS-,  +  2HC1  =  MCI2  +  HjS  +  4S.  If  we  reverse  the  opera- 
tion, and  pour  a  solution  of  a  polysulphide  into  an  acid,  sulphur  is 
not  precipitated,  but  an  oily  liquid  is  formed  which  is  heavier  than 
water  and  insoluble  in  it.  This  is  the  polysulphide  of  hydrogen  : 
MS.5  -f  2HC1  =  MCI2  +  H2S5.  As  Rebs  showed  (1888),  whatever 
polysulphide  be  taken — of  sodium,  for  instance — it  always  gives  one 
and  the  ss.me  hydrogen  23entasulphide,^*  of  specific  gravity  1-71   (15°). 

''-*  Eebs  took  di-,  tri-,  tetra-,  and  peiita-sulphides  of  sodium,  potassium,  and  barium, 
which  he  prepared  by  dissolving  sulphur  in  solutions  of  the  normal  sulphides  ;  on  adding 
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It  can  only  be  preserved  in  the  absence  of  water  and  at  low  tempera- 
tures, and  then  not  for  long  :  for,  especially  in  the  presence  of  alkahs 
and  when  slightly  wanned,  it  splits  up  very  easily  into  sulphuretted 
hydrogen  and  sulphur.-' 

The  soluble  sulphides  and  polysulphides  of  the  metals  of  the 
alkalis   and    alkaline    earths — for    example,    of    ammonium,-^    potas- 

hydrochloric  acid  he  always  obtained  hydrogen  pentasulphide,  whence  it  is  evident  that 
4HoS,i  =  (n  — l)HoS3 +  (.')  — //)H.iS.  For  fcxample,if  HoS.^.were  formed,  it  would  decompose 
according  to  the  equation  4H.j^_,  =  H,S^-3H._.S.  The  hydrogen  penta sulphide  formed 
breaks  up  into  hydrogen  suliDhide  and  sulphur  when  brought  into  contact  with  water- 
Previous  to  Rebs'  researches  many  chemists  stated  that  all  polysulphides  gave  the 
bi-sulphide  HoSo,  and  Hofmann  recognised  only  hydrogen  tri-sulphide,  H^S^. 

^^  The  formation  of  the  polysulphides  of  hydrogen,  H._,S„,  is  easily  understood  from 
the  law  of  substitution,  like  that  of  the  saturated  hydrocarbons,  C„Hoh  +  .i,  knowing  that 
sulphur  gives  H^S,  because  the  molecule  of  sulphuretted  hydrojien  may  be  divided  into  H 
and  HS.  This  radicle,  HS,  is  equivalent  to  H.  By  substituting^-  this  radicle  for  hydrogen 
in  HoS  we  obtain  (HSlHS-HoS.,,  (HS)'HS)S  =  H..S-,  etc.,  in  general  H  .8,,.  Tliehomo- 
logues  of  CH4,  C/,H-2;i+2  *Li"^  formed  in  this  manner  from  CH,,  and  consequently  the  poly- 
sulphides H.)S/,  are  the  homologues  of  HjS.  The  question  arises  wliy  in  HjS„  the  api^arent 
limit  of  ;(  is  5 — that  is,  why  does  the  substitution  end  with  the  formation  of  H.^Ss  ?  The 
answer  appears  to  me  to  be  clearly  because  in  the  molecule  of  sulphur,  Sg,  there  are  six 
atoms  of  sulphur  (Note  11).  The  forces  in  one  and  the  other  case  arc  the  same.  Li  the 
one  case  they  hold  Sg  together,  in  the  other  S5  and  H.i ;  and,  judging  from  H._,S,  the  two 
atoms  of  hydrogen  are  equal  in  power  and  significance  to  the  atom  of  sulphur.  Just  as 
hydrogen  peroxide,  H._,Oj,  expresses  the  composition  of  ozone,  0-,  in  which  O  is  replaced 
by  Hg,  so  also  H.jSg  corresponds  with  Sq, 

-6  Ammonium  svl]yhide,  (NH4)2S,  may  be  prepared  by  passing  sulphuretted  hydrogen 
into  a  vessel  full  of  dry  ammonia,  or  by  passing  both  dry  gases  together  into  a  vei^y  cold 
receiver.  In  the  latter  case  it  is  necessary  to  prevent  the  access  of  air,  and  to  have  an 
excess  of  ammonia.  Under  these  circumstances,  two  volumes  of  ammonia  combine  with 
one  volume  of  sulphuretted  hydrogen,  and  form  a  colourless,  very  volatile,  crystalline 
substance,  having  a  very  unpleasant  odour,  which  is  very  poisonous  and  exceedingly 
unstable.  Wlien  exposed  to  the  air  it  absorbs  oxygen  and  acquires  a  yellow  colour,  and 
then  contains  oxygen  and  polysulphide  compounds  (because  a  portion  of  the  hydrogen 
sulphide  gives  water  and  sulphur).  It  is  soluble  in  water  and  forms  a  colourless  solution, 
which,  however,  in  all  probability  contains  free  ammonia  and  the  acid  salt — that  is, 
ammonium  hydrosulphide,  NH4HS,  or  (NH,j)^S,H.,S.  This  salt  is  formed  when  dr^' 
ammonia  is  mixed  with  an  excess  of  dry  sulphuretted  hydrogen.  The  compound  con- 
tains equal  volumes  of  the  components  NH5  +  H2S  =  (NH4)HS.  It  crystallises  in  an 
anhydrous  state  in  colourless  plates,  and  may  be  easily  volatilised  (dissociating  like 
ammonium  cliloride),  even  at  the  ordinary  temperature  ;  it  has  an  alkaline  reaction, 
absorbs  oxygen  from  the  air,  is  soluble  in  water,  and  its  solution  is  usually  prepared  by 
saturating  an  aqueous  solution  of  ammonia  with  sulphuretted  hydrogen.  According  to 
the  ordinary  rule,  these  salts,  like  other  ammonium  salts,  split  up  into  ammonia  and 
sulphuretted  hydrogen  when  they  are  distilled, 

A  solution  of  ammonium  sulphide  is  able  to  dissolve  sulphur,  and  it  then  contains 
compounds  of  hydrogen  polysulphide  and  ammonia.  Some  of  these  compounds  may  be 
obtained  in  a  crystalline  form.  Thus  Fritzsche  obtained  a  compound  of  ammonia  with 
hydrogen  pentasulphide,  or  ammonium  pentasulphide,  (NH4),;S5,  m  the  following  manner : 
He  saturated  an  aqueous  solution  of  ammonia  with  sulphuretted  hydrogen,  added 
powdered  sulphur  to  it,  and  passed  ammonia  gas  into  the  solution,  which  then 
absorbed  a  fresh  amount.  After  this  he  again  passed  sulphuretted  hydrogen  into  the 
solution,  and  then  added  sulphur,  and  then  again  ammonia.     After  repeating  this  several 
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sinm,^^  and  calcium,-'^ — have  the  appearance  and  properties  of  salts, 
just  as  the  hydrated  oxides  have,  whilst  the  sulphides  of  the  metals  of  the 

times,  orange-yellow  crystals  of  (NH4)2S5  separated  out  from  the  liquid.  These  crystals 
melted  at  40°  to  50°,  and  were  vei'y  unstable. 

When  a  solution  of  ammonium  hydro  sulphide,  prepared  by  saturating  a  solution  of 
ammonia  with  sulphuretted  hydrogen,  is  exposed  to  the  air,  it  turns  yellow,  owing  to  the 
presence  of  an  ammoniiim  polysulphide,  whose  fomiation  is  due  to  the  sulphuretted 
hydrogen  being  oxidised  by  the  air  and  converted  into  water  and  sulphur,  which  is  dis- 
solved by  the  ammonium  sulphide.  In  certain  analytical  reactions  it  is  usual  to  employ 
a  solution  of  ammonium  sulphide  which  has  been  kept  for  some  time  and  acquired  a 
yellow  colour.  This  yellow  sulphide  of  ammonium  deposits  sulphur  when  saturated  with 
acids,  whilst  a  freslily-pre pared  solution  only  evolves  sulphuretted  hydrogen.  The  yellow 
solution  furthermore  contains  ammonium  thiosulphate,  which  is  derived  not  only  from 
the  oxidation  of  the  ammonium  sulphide,  but  also  from  the  action  of  the  liberated  sulphur 
on  the  ammonia,  just  as  an  alkaline  salt  of  thiosulphuric  acid  and  a  sulphide  are  formed 
by  the  action  of  sulphur  on  a  solution  of  a  caustic  alkali. 

-^  Potassium  sulphide,  K2S,  is  obtained  by  heating  a  mixture  of  potassium  sulphate 
and  charcoal  to  a  bright-red  heat.  It  may  be  prepared  in  solution  by  taking  a  solution 
of  potassium  hydroxide,  dividing  it  into  two  equal  parts,  and  saturating  one  portion  with 
sulphuretted  hydrogen  so  long  as  it  is  absorbed.  This  portion  will  then  contain  the  acid 
salt  KHS  (Note  21).  The  two  portions  are  then  mixed  together,  and  potassium  sulphide 
will  then  be  obtained  in  the  solution.  This  solution  has  a  strongly  alkaline  reaction,  and 
is  colourless  when  freshly  prepared,  but  it  very  easily  undergoes  change  when  exposed  to 
the  air,  forming  potassium  thiosulphate  and  polysulphides.  When  the  solution  is  evapo- 
rated at  low  temperatures  under  the  receiver  of  an  air-pump,  it  yields  ci-ystals  containing 
KgSjSHaO  (heated  at  1.'50'^,  they  part  with  3  mol.  HoO,  and  at  higher  temperatures 
they  lose  nearly  all  their  water  without  evolving  sulphuretted  hydrogen).  When 
they  are  ignited  in  glass  vessels  they  corrode  the  glass.  When  a  solution  of  caustic 
potash,  completely  saturated  with  sulphuretted  hydrogen,  is  evaporated  under  the 
receiver  of  an  air-pump  it  forms  colourless  rhombohedra  of  potassium  hydrosulpJiidc, 
2(KHS),H.20,K2S,H2S,HoO.  These  crystals  are  deliquescent  in  the  air,  but  do  not 
change  in  a  vacuum  when  heated  up  to  170'^,  and  at  higher  temperatures  they  lose 
water  but  do  not  evolve  sulphuretted  hydrogen.  The  anhydrous  compound,  KHS, 
fuses  at  a,  dark-red  heat  into  a  very  mobile  yellow  liquid,  which  gradually  becomes 
darker  in  colour  and  solidifies  to  a  red  mass.  It  is  remarkable  that  when  a  solution  of 
the  compound  KHS  is  boiled  it  somewhat  easily  evolves  half  its  sulphuretted  hydrogen, 
leaving  potassium  sulphide,  Kr.S,  in  solution  ;  and  a  solution  of  the  latter  in  water  is 
also  able  to  evolve  sulphuretted  hydrogen  on  prolonged  boiling,  but  the  evolution 
cannot  be  rendered  complete,  and,  therefore,  at  a  certain  temperature,  a  solution  of 
potassium  sulphide  will  not  be  capable  of  absorbing  sulphuretted  hydrogen  at  all.  From 
this  we  must  conclude  that  potassium  hydroxide,  water,  and  sulphuretted  hydrogen 
form  a  system  whose  complex  equilibrium  is  subject  to  the  laws  of  dissociation,  depends 
on  the  relative  mass  of  each  substance,  on  the  temperature,  and  the  dissociation  pressure 
of  the  component  elements.  Potassium  sulphide  is  not  only  soluble  in  water,  but  also  in 
alcohol. 

Berzelius  showed  that  in  addition  to  potassium  sulphide  there  also  exist  potassium 
bisulphide,  KoS.^ ;  trisulphide,  K2S- ;  tetrasulphide,  K2S4;  and  pentasulphide,  K2S5. 
According  to  the  researches  of  Schbne,  the  last  three  are  the  most  stable.  These 
difEerent  compounds  of  potassium  and  sulphur  may  be  prepared  by  fusing  potassium 
hydroxide  or  carbonate  with  an  excess  of  sulphiir  in  a  porcelain  crucible  in  a  stream  of 
carbonic  anhydride.  At  about  600°  potassium  pentasulphide  is  formed ;  this  is  the 
highest  sulphur  compound  of  potassium.  When  heated  to  800°  it  loses  one-fifth  of  its 
sulphur  and  gives  the  tetrasulphide,  which  at  this  temperature  is  stable.     At  a  bright-red 

-«  See  p.  22(1. 
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higher  groups  resemble  their  oxides  and  have  not  at  all  the  ;ippearance 

heat— namely,  at  about  1)00-— the  trisulpliide  is  formed.  This  compound  may  be  also 
formed  by  igniting  potassium  carbonate  in  a  stream  of  carbon  bisulphide,  in  whicli  case 
a  compound,  K.C'S-,  is  first  formed  corresponding  to  potassium  carbonate,  and  carbonic 
anhydride  is  evolved.  On  further  ignition  this  compound  splits  up  into  carbon  and 
potassium  trisulphide,  K._,S5.  The  tetrasulphide  may  also  be  obtained  in  solution  if  a 
solution  of  potassium  sulphide  be  boiled  with  the  requisite  amount  of  sulphur  without 
access  of  air.  Tliis  solution  yields  red  crystals  of  the  composition  K,,S.,,2H20  when 
it  is  evaporated  in  u  vacuum.  These  crystals  are  very  hygroscopic,  easily  soluble  in 
water,  but  very  sparingly  in  alcohol ;  when  ignited,  they  give  off  water,  sulphuretted 
hydrogen,  and  sulphur.  If  a  solution  of  potassium  sulphide  be  boiled  with  an  excess  of 
sulphur  it  forms  tlie  pentasulpliide,  which,  however,  is  decomposed  on  prolonged  boilinp; 
into  sulphuretted  hydrogen  and  potassium  thiosnlphate  :  K.jS5  +  3HoO  =  K.,SoO-,+  SH.j8. 
A  substance  called  liver  of  sulphur  was  formerly  frequently  used  in  chemistry  and 
medicine.  Under  this  name  is  known  the  substance  which  is  formed  by  boiling  a 
solution  of  caustic  x^otash  with  an  excess  of  flowers  of  sulphur.  This  solution  contains  a 
mixture  of  potassium  pentasulpliide  and  thiosulphate,  6KHO  +  128  =  2KoS^4-K2So05 
+  3H3O.  The  substance  obtained  by  fusing  potassium  carbonate  with  an  excess  of 
sulphur  was*  also  known  as  liver  of  sulphur.  If  this  mixture  be  heated  bo  an  incipient 
dark-red  heat  it  will  contain  potassium  thiosulphate,  but  at  higher  temperatures  potas- 
sium sulphate  is  formed.  In  either  case  a  polysulphide  of  potassium  is  also  present. 
The  sulphides  of  sodium,  for  example  Na^S,  NaHS,  i'i:c.,  in  many  respects  closely  resemble 
the  corresponding  potassium  compounds. 

28  The  metals  of  the  alkaline  earths,  like  those  of  the  alkalis,  form  several  compounds 
with  sulphur;  thus  calcium  forms  compounds  with  one  and  with  five  atoms  of  sulphur. 
There  are  doubtless  also  intermediate  sulphides,  If  sulphuretted  hydrogen  be  passed 
over  ignited  lime  it  forms  water  and  rdlcium  suh^hkle,  which  may  also  be  formed  by 
heating  calcium  sulphate  with  charcoal,  whilst  if  sulphur  be  heated  with  lime  or  with 
calcium  carbonate,  then  naturally  oxygen  compounds  (calcium  thiosulphate  and  sulphate) 
are  formed  at  the  same  time  as  calcium  sulphide.  The  prolonged  action  of  the  vapour 
of  carbon  bisulphide,  especially  when  mixed  with  carbonic  anhydride,  on  strongly  ignited 
calcium  carbonate  entirely  converts  it  into  sulphide.  Calcium  sulphide  is  generally 
obtained  as  an  almost  colourless,  opaque,  brittle  mass,  which  is  infusible  at  a  white  heat, 
and  is  soluble  in  water.  The  act  of  solution  (as  with  KoS,  Note  21)  is  partly  accompanied 
by  a  double  decomposition  with  the  water.  When  heated,  dry  calcium  sulphide  does  not 
absorb  oxygen  from  the  air.  An  excess  of  water  decomposes  it,  like  many  other  metallic 
sulphides,  precipitating  lime  (as  a  product  of  the  decomposition  the  lime  hinders  the 
action  of  the  water  upon  the  CaS  ;  vcy  soda  refuse.  Chapter  XII.,  Note  12),  and  forming 
a  hydrosulphide,  CaHoS.j,  in  solution.  This  compound  is  also  formed  by  passing  sul- 
phuretted hydrogen  through  an  aqueous  solution  of  calcium  sulphide  or  lime.  Its  solution, 
like  that  of  calcium  sulphide,  has  an  alkaline  reaction.  It  decomposes  when  evaporated, 
and  absorbs  oxgen  from  the  air.  Calclain  peidasulphide,  CaSs,  is  not  known  in  a  pure 
state,  but  may  be  obtained  in  admixture  with  calcium  thiosulphate  by  boiling  a  solution 
of  lime  or  calcium  sulphide  with  sulphur  :  3CaHo02-hl2S  =  2CaS5-t-CaS.203-|-3H20.  A 
similar  compound  in  an  impure  form  is  formed  by  the  action  of  air  on  alkali  waste,  and  is 
used  for  the  preparation  of  thiosulphates. 

Many  of  the  sulphides  of  the  metals  of  the  alkaline  earths  are  phosphorescent — 
that  is,  they  have  the  faculty  of  emitting  light,  after  having  been  subjected  to  the 
action  of  sunlight,  or  of  any  bright  source  of  light  (Canton  phosphorus,  &c.)  The 
luminosity  lasts  some  time,  but  it  is  not  permanent,  and  gradually  disappears.  This 
phosphorescent  property  is  inherent,  in  a  greater  or  less  degree,  to  nearly  all  substances 
(Becquerel),  but  for  a  very  short  time,  whilst  with  calcium  sulphide  it  is  comparatively 
durable,  lasting  for  several  hours,  and  Dewav  (1894)  showed  that  it  is  far  more  intense  at 
very  low  temperatures  (for  instance,  in  bodies  cooled  in  liquid  oxygen  to  —182°).  It  is 
due  to  the  excitation  of  the  surfaces  of  substances  by  the  action  of  light,  and  is  deter- 
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of  salts,  and  this  is  more  especially  the  case  with  regard  to  the  crystal- 
line forms  in  which  they  frequently  occur  in  nature.-^ 

ininecl  by  those  rays  wliich  exhibit  a  chemical  action.  Hence  daylight  or  the  light  of 
burning  magnesium,  &c.,  acts  more  powerfully  than  the  light  of  a  lamp,  &c.  Warnerke 
has  shown  that  a,  small  qunntity  of  magnesium  lighterl  near  the  surface  of  a  phos- 
j)liorescent  substance  rapidly  excites  the  greatest  possible  intensity  of  luminosity ;  this 
enabled  him  to  found  a  method  of  measuring  the  intensity  of  light — i.e.  to  obtain  a 
constant  unit  of  light — and  to  apply  it  to  photogi'aphy.  Tlie  nature  of  the  change  which 
is  accomplished  on  the  surface  of  the  luminous  substance  is  at  present  unknown,  but  in 
any  case  it  is  a  renewable  one,  because  the  experiment  may  be  repeated  for  an  infinite 
number  of  times  and  takes  place  in  a  vacuum.  The  intensity  and  tint  of  the  light 
emitted  depend  on  the  method  of  preparation  of  the  calcium  sulphide,  and  on  the 
degree  of  ignition  and  purity  of  the  calcium  carbonate  taken.  According  to  the  observa- 
tions of  Becquerel,  the  presence  of  compounds  of  manganese,  bismuth,  Sec,  sodium 
sulphide  (but  not  potassium  sulphide),  &c.,  although  in  minute  braces,  is  perfectly 
indispensable.  This  gives  reason  for  thinking  that  the  formation  {in  the  dark)  and 
decomposition  (in  light)  of  double  salts  like  MnS,Na.jS  perhaps  form  the  chemical  cause 
of  the  phenomena.  Compounds  of  strontium  and  barium  have  this  property  to  even  a 
gi-eater  extent  than  calcium  sulphide.  These  compounds  may  be  prepared  as  in  the 
following  example  :  A  mixture  of  sodium  thiosulphate  and  strontium  chloride  is  prepared ; 
a  double  decomposition  takes  place  between  the  salts,  and,  on  the  addition  of  alcohol, 
strontium  thiosulphate,  SrS20-,  is  iDrecipitated,  which,  when  ignited,  leaves  strontium 
sulphide  behind.  The  strontium  sulphide  thus  prepared  emits  (when  dry)  a  greenish 
yellow  light.  It  contains  a  certain  amount  of  sulphur,  sodium  sulxahide,  and  strontium 
sulphate.  By  ignition  at  various  temperatures,  and  by  different  methods  of  preparation, 
it  is  possible  to  obtain  mixtures  which  emit  different  coloured  lights. 

^  As  examples,  we  will  describe  the  sulphides  of  arsenic,  antimony,  and  mercury. 
Arsenic  trisulphide,  or  orpiment,  As.jS-,  occurs  native,  and  is  obtained  pure  when  a 
solution  of  arsenious  anhydride  in  the  presence  of  hydrochloric  acid  comes  into  contact 
with  sulphiu'etted  hydrogen  (there  is  no  precipitate  in  the  absence  of  free  acid).  A 
beautiful  yellow  precipitate  is  then  obtained:  As205  +  3H2S  =  3H20  +  As2S- ;  it  fuses 
when  heated,  and  volatilises  without  decomposition.  AS2S5  is  easily  obtained  in  ti, 
colloid  form  (Chapter  I.,  Note  57).  When  fused  it  forms  a  semi-transparent,  yellow 
mass,  and  it  is  thus  that  it  enters  the  market.  The  specific  gravity  of  native  orpiment 
is  3*4,  and  that  of  the  artificially-fused  mass  is  2"7*  It  is  used  as  a  yellow  pigment,  and 
owing  to  its  insolubility  in  water  and  acids  it  is  less  injurious  than  the  other  compounds 
corresponding  to  arsenious  acid.  According  to  the  type  AsX;.,  realgar,  AsS,  is  known, 
but  it  is  probable  that  the  true  composition  of  this  compound  is  AS4S4 — that  is,  it 
presents  the  same  relation  to  orpiment  as  liquid  phosphuretted  hydrogen  does  to 
gaseous.  Bealgar  (Sandaraca)  occurs  native  as  brilliant  red  crystals  of  specific  gravity 
3"59,  and  may  be  prepared  artificially  by  fusing  arsenic  and  sulphur  in  the  proportions 
indicated  by  its  formulEe.  It  is  prepared  in  large  quantities  by  distilling  a  mixture  of 
sulphur  and  arsenical  pyrites.  Like  oi-piment  it  dissolves  in  calcium  sulphide,  and  even 
in  caustic  potash.  It  is  used  for  signal  lights  and  fireworks,  because  it  deflagrates  and 
gives  a  large  and  very  brilliant  white  flame  with  nitre. 

With  antimony,  sulphur  gives  a  tri-  and  a  penta-sulphide.  The  former,  SboS^,  which 
coiTesponds  with  antimonious  oxide,  occurs  native  (Chapter  XIX.)  in  a  crystalline  form  ; 
its  sp.  gr.  is  then  4"9,  and  it  presents  brilliant  rhombic  crystals  of  a  grey  colour,  which 
fuse  when  heated.  A  substance  of  the  same  composition  is  obtained  as  an  amorphous 
orange  powder  by  passing  sulphuretted  hydrogen  into  an  acid  solution  of  antimonious 
oxide.  In  this  respect  antimonious  oxide  again  reacts  like  arsenious  acid,  and  the  sul- 
phides of  both  are  soluble  in  ammonium  and  potassium  sulphides,  and,  especially  in 
the  case  of  arsenious  sulphide,  are  easily  obtained  in  colloidal  solutions.  By  prolonged 
boihng  with  water,  antimonious  sulphide  may  be  entirely  converted  into  the  oxide, 
hydrogen  sulphide  being  evolved  (Elbers).     Native  antimony  sulphide,  or  the  orange 
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As  the  acids  derived  from   chlorine,  phospht)rus,  and  carbon  are 
the  oxidised  hydrogen  compounds  of  these  elements,  so  also  we  can 

precipitated  trisulphide  when  fused  witli  dry,  or  boiled  with  dissolved,  alkaUs,  forms  ,i 
dark-coloured  mass  (Kermes  mineral)  formerly  much  used  in  medicine,  which  contains 
a  mixture  of  antimonious  sulphide  and  oxide.  There  are  also  compounds  of  these  sub- 
stances. A  so-called  antimony  vermilion  is  much  used  as  a  dye ;  it  is  prepared  by 
boiling  sodium  thiosulphate  (six  parts)  with  antimony  trichloride  (five  parts)  and  water 
(fifty  parts).  This  substance  probably  contains  an  oxysulphide  of  antimony — that  is,  a 
portion  of  the  oxygen  in  the  oxide  of  antimony  in  it  is  replaced  by  sulphur.  Red  anti- 
mony ore,  and  antimony  glass,  which  is  obtained  by  fusing  the  trisulphide  with 
■antimonious  oxide,  have  a  similar  composition,  SboOS.,.  In  the  arts,  the  (infimo/n/  peiita- 
^ulphidc^  SboSs,  is  the  most  frequently  used  of  the  sulphur  compounds  of  antimony.  It 
is  formed  by  the  action  of  acids  on  the  so-called  Schlippe's  salt,  which  is  a  soiUiiiii, 
thiorfhaiifii/ionafe,  SbS(NaS)5,  corresi^onding  with  (Chaj>ter  XIX.,  N()te  41  bis)  orthanti- 
monic  acid,  SbO(OH)5,  with  the  replacement  of  oxygen  by  sulphur.  It  is  obtained  by 
boiling  finely-powdered  native  antimony  trisulphide  with  twice  its  weight  of  sodium 
■carbonate,  and  half  its  weight  of  sxilphur  and  lime,  in  the  presence  of  a  considerable 
quantity  of  water.  The  processes  taking  jjlace  are  as  follows  : — The  sodium  carbonate  is 
•converted  into  hydroxide  by  the  lime,  and  then  forms  sodium  sulphide  with  the  sulx:)hiir ; 
the  sodium,  sulphide  then  dissolves  the  antimony  sulphide,  which  in  this  form  already 
combines  with  the  greatest  amount  of  sulphur,  so  that  a  compound  is  formed  corre- 
sponding with  antimony  pentasulphide  dissolved  in  sodium  sulphide.  The  solution  is 
filtered  and  crystallised,  care  being  taken  to  prevent  access  of  air,  which  oxidises  the 
sodium  sulphide.  This  salt  crystallises  in  large,  yellowish  crystals,  which  are  easily 
soluble  in  water  and  have  the  composition  Na5SbS4,'.iH.20.  When  heated  they  lose  their 
water  of  crystallisation  and  then  fuse  without  alteration ;  but  when  in  solution,  and  even 
in  crystalline  form,  this  salt  turns  brown  in  air,  owing  to  the  oxidation  of  the  sulx)hur 
and  the  breaking  up  of  the  compound.  As  it  is  used  in  medicine,  especially  in  the  pre- 
paration of  antimony  pentasulphide,  it  is  kept  under  a  layer  of  alcohol,  in  which  it  is 
insoluble.  Acids  precipitate  antimony  pentasulphide  from  a  solution  of  this  salt,  as  an 
orange  powder,  insoluble  in  acids  and  very  frequently  used  in  medicine  {sulfur  auratuiii 
iuiftnionii).  This  substance  when  heated  evolves  vapours  of  sulphur,  and  leaves  antimony 
trisulxDhide  behind. 

Mercury  forms  compounds  with  sulphur  of  the  same  tyjies  as  it  does  with  oxygen. 
Mercurous  sulphide,  Hg^S,  easily  splits  up  into  mercury  and  mercuric  sulphide.  It  is 
obtained  by  the  action  of  potassium  sulphide  on  mercurous  cliloride,  and  also  by  the 
action  of  sulphuretted  hydrogen  on  solutions  of  salts  of  the  type  HgX.  Mercuric  sul- 
phide, HgS,  corresponding  with  the  oxide,  is  cinnabar;  it  is  obtained  as  a  black  precipi- 
tate by  the  action  of  an  excess  of  sulphuretted  hydrogen  on  solutions  of  mercuric  salts. 
It  is  insoluble  in  acids,  and  is  therefore  precipitated  in  their  presence.  If  a  certain 
amount  of  water  containing  sulphuretted  hydrogen  be  added  to  a  solution  of  mercuric 
chloride,  it  first  gives  a  white  precipitate  of  the  composition  Hg^SaClo — that  is,  a  com- 
pound HgCl,2HgS,  a  sulphochloride  of  mercury  like  the  oxychloride.  But  in  the  i^re- 
sence  of  an  excess  of  sulphuretted  hydrogen,  the  black  precipitate  of  mercuric  sulpiride 
is  formed.  In  this  state  it  is  not  crystalline  (the  red  variety  is  formed  by  the  prolonged 
action  of  x^oly sulphides  of  ammonium  upon  the  black  HgS),  but  if  it  be  heated  to  its 
temperature  of  volatilisation  it  forms  a  red  crystalline  sublimate  which  is  identical  with 
native  cinnabar.  In  this  form  its  specific  gi'avity  is  8'0,  and  it  forms  a  red  powder,  owing 
to  which  it  is  used  as  a  red  pigment  (vermilion)  in  oil,  pastel,  and  other  paints.  It  is  so 
little  attacked  by  reagents  that  even  nitric  acid  has  no  action  on  it,  and  the  gastric 
juices  do  not  dissolve  it,  so  that  it  is  not  poisonous.  When  heated  in  air,  the  sulphur 
burns  away  and  leaves  metallic  mercury.  On  a  large  scale  cinnabar  is  usually  prepared 
in  the  following  manner:  800  parts  of  mercury  and  115  parts  of  sulphur  are  mixed 
together  as  intimately  as  i^ossible  and  poured  into  a  solution  of  75  parts  of  caustic  potash 
in  425  parts  of  water,  and  the  mixture  is  heated  at  50°  for  several  hours.     Red  mercury 
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form  an  idea  of  the  acid  hydrates  of  sulphur,  or  of  tlie  nornial  acids 
of  sulphur,  by  representing  them  as  the  <->xidised  products  of  sulphur- 
etted hydrogen — 


HCl 

H2S 

H3P 

H4C 

HCIO 

H2S0(?) 

H3P0(?) 

H4CO 

HCIO2 

H,802(?) 

H3PO, 

H^CO., 

HCIO3 

H2SO3 

H3PO3 

H4CO3 

HCIO4 

H2SO4 

H3PO, 

H4CO4  30 

In  the  case  of  chlorine,  if  not  all  the  hydrates,  at  all  events  salts  of 
all  the  normal  hydrates  are  known,  whilst  in  the  case  of  sulphur  only 
the  acids  HgS,  HoSOg  and  H2SO4  are  known.  But,  on  the  other  hand, 
the  latter  are  obtained  not  only  as  hydrates  but  also  as  stable  anhy- 
drides, SO2  and  SO3,  which   are  formed  with  the  evolution   of  heat 

sulphide  is  thus  formed,  and  separates  out  from  the  solution.  The  reaction  which  takes 
place  is  as  follows ;  A  soluble  compound,  K2HgS.2,  is  first  formed ;  this  compound  is  able 
to  separate  in  colourless  silky  needles,  which  are  soluble  in  the  caustic  potash,  but  are 
decomposed  by  water,  and  at  50^  ;  this  solution  (perhaps  by  attracting  oxygen  from  the 
air)  slowly  deposits  HgS  in  a  crystalline  form. 

Spring  conducted  an  interesting  research  {at  Liege,  1894)  u^^on  the  conversion  of  the 
black  amorphous  sulphide  of  mercury,  HgS,  into  reel  crystalline  cinnabar.  This  research 
formed  a  sequel  to  Spring's  classical  researches  on  the  influence  of  high  pressures  upon 
the  properties  of  solids  and  their  capacity  for  mutual  combination.  He  showed,  among 
other  things,  that  ordinary  solids  and  even  metals  (for  instance,  Pb),  after  being  con- 
siderably compressed  under  a  pressure  of  20,000  atmospheres,  return  on  removal  of  the 
pressure  to  their  original  density  like  gases.  But  this  is  only  true  when  the  compressed 
solid  is  not  liable  to  an  allotropic  variation,  and  does  not  give  a  denser  variety.  Thus 
prismatic  sulphur  (sp.gr.  1'9)  passes  under  pressure  into  the  octahedral  (sp.  gr.  2*05) 
variety.  Black  HgS  (precipitated  from  solution)  has  a  sp.  gi-.  7'6,  while  that  of  the  red 
variety  is  82,  and  therefore  it  might  be  expected  that  the  former  would  pass  into  the  latter 
under  pressure,  but  experiments  both  at  the  ordinary  and  a  higher  temperature  did  not 
give  the  looked-for  result,  because  even  at  a  pressure  of  20,000  atmospheres  the  black 
sulphide  was  not  compressed  to  the  density  of  cinnabar  (a  pressure  of  as  much  as 
85,000  atmospheres  was  necessary,  which  could  not  be  attained  in  the  experiment).  But 
Spring  prepared  a  black  HgS,  which  had  a  sp.  gr.  of  8'0,  and  this,  under  a  pressure  of 
2,500  atmospheres,  passed  into  cinnabar.  He  obtained  this  peculiar  black  variety  of 
HgS  (sp.  gr.  8'0)  by  distilling  cinnabar  in  an  atmosphere  of  COo,  when  the  gi-eater 
portion  of  the  HgS  is  redeposited  in  the  form  of  cinnabar.  Under  the  action  of  a  solu- 
tion of  polysulphide  of  ammonium,  this  variety  of  HgS  jDasses  more  slowly  into  the  red 
variety  than  the  precipitated  variety  does,  while  under  pressure  the  conversion  is  com- 
paratively easy. 

It  is  worthy  of  remark,  that  Linder  and  Picton  obtained  complex  compounds  of 
many  of  the  sulphides  of  the  heavy  metals  (Ca,  Hg,  Sb,  Zn,  Cd,  Ag,  Au)  with  H.2S,  for 
example  H.^SjTGuS  (by  the  action  of  H.^S  upon  the  hydrate  of  oxide  of  copper), 
HgSjOCuS  (in  the  presence  of  acetic  acid  and  with  an  excess  of  H.,S),  itc.  Probably  we 
have  here  a  sort  of  '  solid '  solution  of  H^S  in  the  metallic  sulphides. 

^0  CH4  gives  CH4O  or  CH5(0H),  wood  spirit;  CH4O0  or  CH.(OH).,,  which  decom- 
poses into  water  and  CH^O — that  is,  methylene  oxide  or  formaldeliyde ;  CH4O.3 
=  CH(0H).-^=H20+CH0(0H),  or  formic  acid;  and  CH4O4  -  C(OH)4  =  2H20+CO.>. 
There  are  four  typical  hydrogen  compounds,  RH,  RHo,  RH;;,  and  RH4,  and  each  of  them 
has  tis  typical  oxide.     Beyi'iul  Hj  and  O4  combination  does  not  proceed. 
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from  sulphur  and  oxygen  ;  32  parts  of  sulphur  in  combining  with 
32  parts  of  oxygen — that  is,  in  forming  SOj — evolve  71,000  heat 
units,''  and  if  the  oxidation  proceeds  to  the  formation  of  SO3,  103,000 
heat  units  are  evolved.  These  figures  may  be  compared  with  those 
which  correspond  with  the  passage  of  carbon  into  CO  and  COo,  when 
29,000  and  97,000  units  of  heat  are  evolved.  This  determines  the 
stability  of  the  higher  oxides  of  sulphur,  and  also  expresses  the  pecu- 
liarity of  sulphur  as  an  element  which,  although  an  analogue  of  oxygen, 
forms  stable  compounds  with  it,  and  thus  fundamentally  differs  from 
chlorine.  The  higher  and  lower  oxides  of  chlorine  are  powerful  oxi- 
dising agents,  whilst  the  higher  oxide  of  sulphur,  SO3,  has  but  feeble 
oxidising  powers,  and  the  lower  oxide,  SOo,  frequently  acts  as  a  re- 
ducing agent,  and  is  formed  by  the  direct  combustion  of  sulphur,  just 
as  carbonic  anhydride,  CO,,  proceeds  from  the  combustion  of  carbon. 
In  the  combustion  of  sulphur,  and  also  in  the  oxidation  (roasting)  of  the 
sulphides  and  polysulphides  bj-  their  ignition  in  air,  sii^phuroiif:  oxide, 
or  sul])Jn(r(j}ifi  anJiydride,  or  suljilmr  dia.ride,  SOj,'" '''■'  is  exclusively 
formed.  It  is  prepared  on  a  large  scale  by  burning  sulphur  or  roasting 
iron  pyrites  or  other  sulphides  ■*'-  for  the  manufacture  of  sulphuric 
acid  (Chapter  VI.),  and  for  direct  application  in  the  manufacture  of 
wine  or  for  bleaching  tissues  and  other  purposes.  In  the  latter  in- 
stances its  application  is  based  on  the  fact  that  sulphurous  anhydride 
acts  on  certain  vegetable  matters,  and  has  the  property  of  a  reducing 
and  feeble  acid.'*-  ''■^ 

■5^  Rhombic  sulphur,  71,080  heat  uuits ;  monochuic  suli^hux,  71,720  units,  according 
ti.)  Thomsen. 

51  bb  However,  when  sulphur  or  metallic  sulphides  bum  in  an  excess  of  air,  there  is 
always  formed  a  certain,  although  small,  amount  of  SO3)  which  gives  sulphuric  acid  with 
the  moisture  of  the  air. 

■"-  The  enoi-mous  amount  of  sulphuric  acid  now  manufactured  is  chiefly  prepared  by 
roasting  native  pyrites,  but  a  considerable  amount  of  the  SO.,  for  this  jjurpose  is 
obtained  by  roasting  zinc  blende  (ZnS)  and  copp)er  and  lead  sulphides.  A  certain  amount 
is  also  prociu-ed  from  soda  refuse  (Note  6)  and  the  residues  obtained  from  the  purification 
of  coal  gas. 

52  bis  Sulphurous  anhydi'ide  is  also  obtamed  by  the  decomposition  of  many  sulphates, 
especially  of  the  heavy  metals,  by  the  action  of  heat ;  but  this  requires  a  very  powerful 
lieat.  This  formation  of  sulphurous  anliydi-ide  from  sulphates  is  based  on  the  decom- 
position proj^er  to  sulphuric  acid  itself.  When  sulx>hru"ic  acid  is  strongly  heated  (for 
instance,  by  dropping  it  upon  an  incandescent  surface)  it  is  decomposed  into  water, 
oxygen,  and  sulphurous  anhydride — that  is,  into  those  compounds  from  which  it  is 
foinned.  A  similar  decomposition  proceeds  during  the  ignition  of  many  sulphates.  Even 
so  stable  a  sulphate  as  gypsum  does  not  resist  the  action  of  vei-y  high  temperatures,  hut 
is  decomposed  in  the  same  manner,  lime  being  left  behind.  The  decomposition  of  sul- 
phates by  heat  is  accomplished  with  still  greater  facility  in  the  presence  of  sulphur, 
because  in  this  case  the  liberated  oxygen  combines  with  the  sulphur  and  the  metal  is 
able  to  form  a  suli^hide.  Thus  when  ferrous  sulphate  (green  vitriol)  is  ignited  with  sul- 
phur, it  gives  ferrous  sulxjhide  and  sulphurous  anhydride  :  FeS04-f2S  =  FeS4-2SOj,aJid 
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In  the  laboratory — that  is,  on  a  small  scale— sulphurous  anhydride 
is  best  prepared  by  deoxidising  sulphuric  acid  by  heating  it  with 
charcoal,  or  copper,  sulphur,  mercury,  &c.  Charcoal  produces  this 
decomposition  of  sulphuric  acid  at  but  moderately  high  temperatures  ; 
it  is  itself  converted  into  carbonic  anhydride,^^  *"  and  therefore  when 
sulphuric  acid  is  heated  with  charcoal  it  evolves  a  mixture  of  sulphurous 
and  carbonic  anhydrides  :  C  +  2H,.S04  =  CO.^  +  SSOa  +  2H2O.  The 
metals  which  are  unable  to  decompose  water,  and  which  do  not,  there- 
fore, expel  hydrogen  from  sulphuric  acid,  are  frequently  capable  of 
decomposing  sulphuric  acid,  with  the  evolution  of  sulphurous  anhydride, 
just  as  they  decompose  nitric  acid,  forming  the  lower  oxides  of  nitrogen. 
These  metals  are  silver,  mercury,  copper,  lead,  and  others.  Thus,  for 
example,  the  action  of  copper  on  sulphuric  acid  may  be  expressed  by 
the  following  equation  :  Cu  +  2H2SO4  =  CUSO4  +  SO2  +  2H,0.  In 
the  laboratory  this  reaction  is  carried  on  in  a  flask  with  a  gas-conduct- 
ing tube,  and  does  not  take  place  unless  aided  by  heat.^^ 

In  its  physical  and  chemical  properties  sulphurous  anhydride 
presents  a  great  resemblance  to  carbonic  anhydride.  It  is  a  heavy  gas, 
somewhat  considerably  soluble  in  water,  very  easily  condensed  into  a 
liquid  ;  it  forms  normal  and  acid  salts,  does  not  evolve  oxygen  under 
the  direct  action  of  heat/"*  although  such  metals  as  sodium  and  magne- 
sium burn  in  it,  just  as  in  carbonic  anhydride.  It  has  a  suffocating 
odour,  which  is  well  known  owing  to  its  being  evolved  when  sulphur 
or  sulphur  matches  are  burnt.  In  characterising  the  properties  of 
sulphurous  anhydride,  it  is  very  important  to  remember  (Chapter  II.) 
also  that  it  is  more  easily  liquefied  (at   —10°,  or   at    0°    under   two 

tliis  reaction  may  even  be  used  for  the  preparation  of  this  gas.  At  400°  sulphuric  acid 
and  sulphur  give  an  extremely  uniform  stream  of  pure  sulphurous  anhydride,  so  that  it 
is  best  prepared  on  a  manufacturing  scale  by  this  method.  Iron  pyrites,  FeS.j,  when 
heated  to  160°  with  sulphuric  acid  (sp.  gr.  1'75)  in  cast-iron  vessels  also  gives  an  abun- 
dant and  uniform  supply  of  sulphurous  anhydride. 

52  ni  Mellitic  acid  is  formed  at  the  same  time  (Verneuille). 

^^  The  thermochemical  data  connected  with  this  reaction  are  as  follows :  A 
molecule  of  hydrogen  H2,  in  combining  with  oxygen  (0  =  16)  develops  about  69,000  heat 
units,  whilst  the  molecule  of  SOj  in  combining  with  oxygen  only  develops  about  32,000 
heat  units — that  is,  about  half  as  much — and  therefore  those  metals  which  cannot  decom- 
pose water  may  still  be  able  to  deoxidise  sulphuric  into  sulphurous  acid.  Those  metals 
which  decompose  water  and  sulphuric  acid  with  the  evolution  of  hydrogen,  evolve 
in  combining  with  sixteen  parts  by  weight  of  oxygen  more  heat  than  hydrogen  does — 
for  example,  K2,Na2,Ca  develop  about  or  more  than  100,000  heat  units ;  Fe,  Zn,  Mn  about 
70,000  to  80,000  heat  units ;  whilst  those  metals  which  neither  decompose  water  nor  evolve 
hydrogen  from  sulphuric  acid,  but  are  still  capable  of  evolving  sulphurous  anhydride  from 
it,  develop  less  heat  with  oxygen  than  hydrogen,  but  nearly  the  same  amount,  if  not  more 
than,  sulphurous  anhydride  develops — for  example,  Cu  and  Hg  develop  about  40,000  and 
Pb  about  50,000  heat  units. 

^"^  That  is,  it  only  dissociates  and  re-forms  the  original  product  on  cooling. 
VOL.  II.  Q 
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atmospheres  pressure)  than  carbonic  anhydride  (thirty-six  atmospheres 
at  0°),^''  that  it  is  more  soluble  than  carbonic  anhydride  (Vol.  I. 
p.  79)  ;  at  0°,  100  vols,  of  water  dissolve  180  vols,  of  carbonic 
anhydride  and  688  vols,  of  sulphuric  anhydride),  that  the  molecular 
weight  of  S0.2  =  64  and  of  00.2  =  4-4:,  and  that  the  density  of  liquid  sul- 
phurous anhydride  at  0°  =  l-43  (molecular  volume =4 -5) and  of  c;irbonic 
anhydride  =  0'95  (molecular  volume  =  49).  Although  sulphur  dioxide 
is  the  anhydride  of  an  acid,  nevertheless,  like  carbonic  anhydride,  it  does 
not  form  any  stable  compounds  with  water,  but  gives  a  solution  from 
which  it  may  be  entirely  expelled  by  the  action  of  heat.'''  The  acid 
character  of  sulphurous  anhydride  is  clearly  expressed  by  the  fact  that 
it  is  entirely  absorbed  by  alkalis,  with  which  it  forms  acid  and  normal 
salts  easily  soluble  in  water.  With  salts  of  barium,  calcium,  and  the 
heavy  metals,  the  normal  salts  of  the  alkalis,  M.2SC)3,  give  precipitates 
exactly  like  those  formed  by  the  carbonates.  In  general,  the  salts  of 
sulphurous  acid  are  closely  analogous  to  the  corresponding  carbonates. 
Acid  sodium  tiuljjhiti:,  XaHSOs,  may  be  obtained  by  passing  sul- 
phurous anhydride  into  a  solution  of  sodium  hydroxide.  It  is  also 
formed  by  saturating  a  solution  of  sodium  carbonate  with  the  gas 
(cai-bonic  anhydride  is  then  given  off),  and  as  the  solubility  of  the  acid 
sulphite  is  much  greater  than  that  of  the  carbonate,  a  further  quantity 
of  the  latter  may  be  dissolved  after  the  passage  of  the  sulphurous 
anhydride,  so  that  ultimately  a  very  strong  solution  of  the  sulphite 
may  be  formed  in  this  manner,  from  which  it  may  be  obtained  in  a 
crystalline  form,  either  by  cooling  and  evaporating  (without  heating, 
for  then  the  salt  would  give  off  sulphurous  anhydride)  or  by  addin;,' 
alcohol  to  the  solution.  When  exposed  to  the  air  this  salt  loses 
sulphurous  anhydride  and  attracts  oxygen,  which  converts  it  into 
sodium  sulphate.  The  acid  sulphites  of  the  alkali  metals  are  able  to 
combine  not  only  with  oxygen,  but  also  with  many  other  substances — 
for  example,  a  solution  of  the  sodium  salt  dissolves  sulphur,  forming 
sodium  thiosulphate,  gives  crystalline  compounds  with  the  aldehydes 
and  ketones,  and  dissolves  many  bases,  converting  them  into  double 

^5  At  a  given  temperature  the  pressure  of  this  gas  evolved  from  any  salt  will  he 
less  tlinn  that  of  carbonic  anhydride,  if  we  compare  the  separation  of  a  gas  from  its  salts 
with  the  phenomenon  of  evaporation,  as  was  done  in  discussing  the  decomposition  of 
calcium  carbonate. 

Liquid  sulphurous  anhydride  is  used  on  a  large  scale  (Pictet)  for  the  production  of 
cold. 

^'''  De  la  Rive,  Pierre,  and  more  especially  Roozeboom,  ha\e  investigated  the 
crystallo-hydrate  which  is  formed  by  sulphurous  anhydride  and  water  at  temperatm-es 
below  7°  vmder  the  ordinary  pressure,  and  in  closed  vessels  (at  temperatures  below  12°). 
Its  composition  is  S0.i,7H.,0,  and  density  1-2.  This  hydrate  corresponds  with  the  similar 
hydrate  CO.jjSHoO  obtained  by  "Wroblewsky. 
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sulphites.  Having  tlae  faculty  of  attracting  or  absorbing  oxygen,  acid 
sodium  sulphite  is  also  able  to  absorb  chlorine,  and  is  therefore 
employed,  like  sodium  thiosulphate,  for  the  removal  of  chloride  (as  an 
antiohlor),  especially  in  the  bleaching  of  fabrics,  when  it  is  necessary 
to  remove  the  last  traces  of  the  chlorine  held  in  the  tissues,  which 
might  otherwise  have  an  injurious  effect  on  them.  If  a  solution  of  an 
alkali  hydroxide  be  divided  into  two  parts,  and  one  half  is  saturated 
with  sulphurous  anhydride,  and  then  the  other  half  added  to  it,  a 
normal  salt  will  be  obtained  in  the  solution,  having  an  alkaline  reaction, 
like  £1  solution  of  sodium  carbonate.  The  acid  salt  has  a  neutral 
reaction.^"  t"^  Like  sodium  carbonate,  normal  codhiin  suljjhife  has  the 
composition  ]Sra2SO3,10HaO,  and  its  maximum  solubility  is  at  33° — in 
a  word,  it  very  closely  resembles  sodium  carbonate.  Although  this 
salt  does  not  give  off  sulphurous  anhydride  from  its  solution,  it  is  able, 
like  the  acid  salt,  to  absorb  oxygen  from  the  air,  and  is  then  converted 
into  sodium  sulphate.^^ 

Besides  the  acid  character  we  must  also  point  out  the  reducing 
character  of  sulphurous  anhydride.  The  reducing  action  of  sulphurous 
acid,  its  anhydride  and  salts,  is  due  to  their  faculty  of  passing  into 
sulphuric  acid  and  sulphates.  The  reducing  action  of  the  sulphites 
is  particularly  energetic,  so  that  they  even  convert  nitric  oxide  into 
nitrous  oxide  :  K.^SOj  +  2NO=K2S04  +  NjO.  The  salts  of  many  of  the 
higher  oxides  are  converted  into  those  of  the  lower — for  example,  FeX3 
into  EeXj,  CuX,.  into  CuX,  HgX,  into  HgX  ;  thus  2reX3  +  SO.,  +  2H,0 
=2FeX2  +  H2SOj  +  2HX.  In  the  presence  of  water,  sulphurous 
anhydride  is  oxidised  by  chlorine  (SOj  <-  2H20  +  Cl2=H2S04  +  2HCl), 
iodine,  nitrous  acid,  hydrogen  peroxide,  hypochlorous  acid,  chloric  acid, 
and  other  oxygen  compounds  of  the  halogens,  chromic,  manganic,  and 
many  other  metallic  acids  and  higher  oxides,  as  well  as  all  peroxides. 
Free  oxygen  in  the  presence  of  spongy  platinum  is  able  to  oxidise 
sulphurous  anhydride  even  in  the  absence  of  water,  in  which  case 
sulphuric  anhydride  SO3  is  formed,  so  that  the  latter  may  be  pi'epared 
by  passing  a  mixture  of  sulphurous  anhydride  and  oxygen  over 
incandescent  spongy  platinum,  or,  as  it  is  now  prepared  on  a  large  scale 
in  chemical  works,  by  passing  this  mixture  over  asbestos  or  pumice 

^eiJis  Schwicker  (1889)  by  saturating  NaHSO,-  with  ijotasli,  or  KHSO3  with  soda; 
obtained  NaKSO.^,  in  the  first  instance  with  HjO,  and  in  the  second  instance  with  aH.^O, 
probably  owing  to  the  different  media  in  which  the  crystals  tire  formed.  In  general  sul- 
phurous acid  easily  forms  double  salts. 

■"'^  The  normal  salts  of  calcium  and  magnesium  are  slightly,  and  the  acid  salts  easily, 
soluble  in  water.  These  acid  sulphites  are  much  used  in  practice ;  thus  calcium  bisul- 
phite is  employed  in  the  manufacture  of  cellulose  from  sawdust,  for  mixing  with  fibrous 
matter  in  the  manufacture  of  paper. 
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stone  moistened  with  a  solution  of  platinum  salt  and  ignited.  Sul- 
phurous anhydride  is  completely  absorbed  by  certain  higher  oxides — for 
instance,  by  barium  peroxide  and  lead  dioxide  (Pb02  +  S02  =  PbS04).-'"' 

There  are,  however,  cases  where  sulphurous  anhydride  acts  as  an 
oxidising  agent — that  is,  it  is  deoxidised  in  the  presence  of  substances 
which  are  capable  of  absorbing  oxygen  with  still  greater  energy  than 
the  sulphurous  anhydride  itself.  This  oxidising  action  proceeds  with 
the  formation  of  sulphuretted  hydrogen  or  of  sulphides,  while  the 
reducing  agent  is  oxidised  at  the  expense  of  the  oxygen  of  the  sul- 
phurous anhydride.  In  this  respect,  the  action  of  stannous  salts  is 
particularly  remarkable.  Stannous  chloride,  SnClj,  in  an  aqueous 
solution  gives  a  precipitate  of  stannic  sulphide,  SnS2,  with  sulphurous 
anhydride — that  is,  the  latter  is  deoxidised  to  sulphuretted  hydrogen, 
while  SnX2  is  oxidised  into  SnX4.  A  solution  of  sulphurous  anhydride 
has  also  an  oxidising  action  on  zinc.  The  zinc  passes  into  solution,  but  no 
hydrogen  is  evolved,''  because  a  salt  of  hydrosulphurous  acid,  ZnS20_|, 
is  formed.     The  free  acid  is  still  less  stable  than  the  salt. 

The  faculty  of  sulphurous  anhydride  of  combining  with  various 
substances  is  evident  from  the  above-cited  reactions,  where  it  combines 
with  hydrogen  and  with  oxygen,  and  this  faculty  also  appears  in  the 

^•^  This  reaction  is  taken  advantage  of  in  removing  sulphurous  anhydride  from  a  mix- 
ture of  gases.  Lead  dioxide,  PbO^,  is  brown,  and  when  combined  with  sulphurous  anhy- 
dride it  forms  lead  sulphate,  PbS04,  which  is  white,  so  that  the  reaction  is  evident  both 
from  the  change  in  colour  and  development  of  heat.  Sulphurous  anhydride  is  slowly 
decomposed  by  the  action  of  light,  with  the  separation  of  sulphur  and  formation  of  sul- 
phuric anhydride.  This  explains  the  fact  that  sulphurous  anhydride  prepared  in  the 
dark  gives  a  white  precipitate  of  silver  sulphite,  AgaSO.^,  with  silver  chlorate,  AgC104, 
but  when  prepared  in  the  light,  even  in  diffused  light,  it  gives  a  dark  precipitate.  This 
naturally  depends  on  the  fact  that  the  sulphur  liberated  then  forms  silver  sulphide, 
which  is  black, 

^^  Schonebein  observed  that  the  liquid  turns  yellow,  and  acquires  the  faculty  of 
decolorising  litmus  and  indigo.  Scliiitzenberger  showed  that  this  depends  on  the  forma- 
tion of  a  zinc  salt  of  a  peculiar  and  very  powex-fully-reducing  acid,  for  with  cupric  salts 
the  yellow  solution  gives  a  red  precipitate  of  cuprous  hydrate  or  metallic  copper,  and  it 
reduces  salts  of  silver  and  mercury  entirely.  An  exactly  similar  solution  is  obtained  by 
the  action  of  zinc  on  sodium  bisulphite  without  access  of  air  and  in  the  cold.  The 
yellow  liquid  absorbs  oxygen  from  the  air  with  great  avidity,  and  forms  a  sulphate.  If 
the  solution  be  mixed  with  alcohol,  it  deposits  a  double  sulphite  of  zinc  and  sodium, 
ZnNa2(S05)j,  which  does  not  decolorise  litmus  or  indigo.  The  remaining  alcoholic  solu- 
tion deposits  colourless  crystals  in  the  cold,  which  absorb  oxygen  with  great  energy  in 
the  presence  of  water,  but  are  tolerably  stable  when  dried  under  the  receiver  of  an  air- 
pump.  The  solution  of  these  crystals  has  the  above-mentioned  decolorising  and  reducing 
properties.  These  crystals  contain  a  sodium  salt  of  a  lower  acid  ;  their  composition  was 
at  first  supposed  to  be  HNaSOg,  but  it  was  afterwards  proved  that  they  do  not  contain 
hydrogen,  and  present  the  composition  Na2S204  (Bemthsen).  The  same  salt  is  formed 
by  the  action  of  a  galvanic  current  on  a  solution  of  sodium  bisulphite,  owing  to  the 
action  of  the  hydrogen  at  the  moment  of  its  liberation.  If  SOo  resembles  CO2  in  its 
composition,  then  hyposulphvu'ous  acid  H.2S2O4  resembles  oxalic  acid  H2C2O4.  Perhaps 
an  analogue  of  fonnic  acid  SHoOo  will  be  discovered. 
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fact  that,  like  carbonic  oxide,  it  combines  with  chlorine,  forming  a, 
chloranhydride  of  sulphuric  acid,  SO2CI25  to  which  we  shall  afterwards 
return.  The  same  faculty  for  combination  also  appears  in  the  salts  of 
sulphurous  acidj  in  their  liability  to  oxidation  and  in  the  exceedingly 
characteristic  formation  of  a  peculiar  series  of  salts  obtained  by  Pelouze 
and  Fremy.  At  a  temperature  of  —10°  or  below,  nitric  oxide  NO  is 
absorbed  by  alkaline  solutions  of  the  alkali  sulphites,  forming  a  peculiar 
series  of  nitrosul2yhates.  At  a  higher  temperature  these  salts  are  not 
formed  but  the  nitric  oxide  is  reduced  to  nitrous  oxide.  But  in  the 
cold  the  liquid  saturated  with  nitric  oxide  after  ci  certain  time  gives 
prismatic  crystals  resembling  those  of  nitre.  The  composition  of  the 
potassium  salt  is  K.,8^2*-*.->^^li^*  is*  *h®  ^^^^  contains  the  elements  of 
potassium  solphite  and  of  nitric  oxide."**^ 

There  are  also  several  other  substances,  formed  by  the  oxides  of 
nitrogen  and  sulphur,  which  belong  to  this  class  of  complex  and,  under 

'0  The  instability  of  this  salt  is  very  great,  and  may  be  compared  to  that  of  the  com- 
pound of  ferrous  sulphate  with  nitric  oxide,  for  when  heated  under  the  contact 
influence  of  spongy  platinum,  charcoal,  Scc.^  it  splits  up  into  potassium  sulphate  and 
nitrous  oxide.  At  130°  the  dry  salt  gives  off  nitric  oxide,  and  re-forras  potassium  sul- 
phite. The  free  acid  has  not  yet  been  obtained.  These  salts  resemble  the  series  of 
siilpho  nit  rites  discovered  by  Fremy  in  1845.  They  are  obtained  by  passing  sulphurous 
anhydride  through  a  concentrated  and  strongly  alkaline  aqueous  solution  of  potassium 
nitrite.  They  are  soluble  in  water,  but  are  precipitated  by  an  excess  of  alkali.  The  first 
]5roduct  of  the  action  has  the  composition  K5NS5HO9.  It  is  then  converted  by  the 
further  action  of  sulphurous  anhydride,  cold  water,  and  other  reagents  into  a  series  of 
similar  complex  salts,  many  of  which  give  well-formed  crystals.  One  must  suppose  that 
the  cliief  cause  of  the  formation  of  these  very  complex  compounds  is  that  they  contain 
unsaturated  compounds,  NO,  KNOo,  and  KHSO;;;,  all  of  which  are  subject  to  oxidation 
and  further  combination,  and  therefore  easily  combine  among  each  other.  The  decom- 
position of  these  compounds,  with  the  evolution  of  ammonia,  when  their  solutions  are 
heated  is  due  to  the  fact  that  the  molecule  contains  the  deoxidant,  sulphurous  anhydride, 
which  reduces  the  nitrous  acid,  NO(OH),  to  ammonia.  In  my  opinion  the  composition 
of  the  sulphonitrites  may  be  very  simply  referred  to  the  composition  of  ammonia,  in 
which  the  hydrogen  is  partly  replaced  by  the  radicle  of  the  sulphates.  If  we  represent 
the  composition  of  potassium  sulphate  as  KO'KSOj,  the  group  KSO5  will  be  equiva- 
lent {according  to  the  law  of  substitution)  to  HO  and  to  hydrogen.  It  combines  with 
hydrogen,  forming  the  potassium  acid  sulphite,  KHSO5.  Hence  the  group  KSO5  may 
also  replace  the  hydrogen  in  ammonia.  Judging  by  my  analysis  (1870)  the  extreme 
limit  of  this  substitution,  N(HS03)5,  agrees  with  that  of  the  sulphonitrite,  which  is 
easily  formed,  simultaneously  with  alkali,  by  the  action  of  potassium  sulphite  on  potas- 
.sium  nitrite,  according  to  the  equation  3K(KS05)  +  KNO.>  +  2H30  =  N(KS03)5  +  4HKO. 
The  researches  of  Berglund,  and  especially  of  Raschig  (1887),  fully  verified  my  conclu- 
sions, and  showed  that  we  must  distinguish  the  following  types  of  salts,  corresponding 
with  ammonia,  where  X  stands  for  the  sulphonic  group,  HSO5,  in  which  tlie  hydrogen  is 
replaced  by  potassium  ;  hence  X  =  KS05:  (1)  NHgX,  (2)  NHX^,  (3)  NH^,  (4)  N(OH)XH, 
<5)  N{0H)X2,  (6)  N(OH).jX,  just  as  NH.j(OH)  is  hydroxyl amine,  NH(OH)o,  is  the  hydrate 
of  nitrous  oxide,  and  N(0H)5  is  orthonitrous  acid,  as  follows  from  the  law  of  substi- 
tution. This  class  of  compounds  is  in  most  intimate  relation  with  the  series  of  sul- 
phonitrous  compounds,  coiTesponding  with  '  chamber  crystals '  and  their  acids,  which  we 
shall  consider  later. 
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some  circumstances,  unstable  compounds.  In  the  manufacture  of 
sulphuric  acid,  both  these  classes  of  oxides  come  into  contact  with  each 
other  in  the  lead  chambers,  and  if  there  be  insufficient  water  for  the 
formation  of  sulphuric  acid  they  give  crystalline  compounds,  termed 
chamber  crystals!.  As  a  rule,  the  composition  of  the  crystals  is  ex- 
pressed by  the  formula  NHSO-.  This  is  a  compound  of  the  radicles 
NO2  of  nitric  acid,  and  HSO3  of  sulphuric  acid,  or  nitrosulphuric 
acid,  NO./SHOa,  if  sulphuric  acid  be  expressed  as  OH'SH*  Jj  and  nitric 
by  NO./OH.  The  tabular  crystals  of  this  substance  fuse  at  about  70°, 
are  formed  both  by  the  direct  action  of  nitrous  anhydride  or  nitric 
peroxide  (but  not  NO,  which  is  not  absorbed  by  sulphuric  acid)  on 
sulphuric  acid  (Weltzien  and  others),  and  especially  on  sulphuric  acid 
containing  an  anhydride  and  the  lower  oxides  of  sulphur  and  nitric  acid.'" 
ThiosulpJiuric  acid,  H^S.^*  Jj — that  is,  a  compound  of  sulphurous  acid 
and  sulphur — also  belongs  to  the  products  of  combination  of  sulphurous 
acid.  In  the  same  way  that  sulphurous  acid,  HjSOj,  gives  H28O.1  with 
oxygen,  so  it  gives  H2S2O3  with  sulphur.  In  a  free  state  it  is  very  un- 
stable, and  it  is  only  known  in  the  form  of  its  salts  proceeding  from  the 
direct  action  of  sulphur  on  the  normal  sulphites  ;  if  endeavours  be 
made  to  separate  it  in  a  free  state,  it  immediately  splits  up  into  those 
elements  from  which  it  might  be  formed — that  is,  into  sulphur  and 
sulphurous  acid.  The  most  important  of  its  salts  is  the  sodium 
thiosulphatf  (known  as  hyposulphite),  'N'a2S.203,5H20,  which  occurs  in 
colourless  crystals,  and  is  unacted  on  by  atmospheric  oxygen  either 
when  in  a  dry  state  or  in  solution.  Many  other  salts  of  this  acid  are 
easily  formed  by  means  of  this  salt,'"  *"  although  this  cannot  be  done 

^1  In  the  sulphuric  acid  cliamljers  the  lower  oxides  of  nitrogen  and  sulphur  take  part 
in  the  reaction.  They  are  oxidised  by  the  oxygen  of  the  air,  and  form  nitro- sulphuric 
acid — tor  example,  2S0,.  +  N  ,0;  +  O.^  -I-  H._,0  =  2NHSO5.  This  compound  dissolves  in  strong 
sulphuric  acid  without  changing,  and  when  this  solution  is  diluted  (when  the  sp.  gr.  falls 
to  1*5),  it  splits  u])  into  sulphuric  acid  and  nitrous  anhydride,  and  by  the  action  of  sul- 
phurous anhydride  is  converted  into  nitric  oxide,  which  by  itself  (in  the  absence  of  nitric 
acid  or  oxygen)  is  insoluble  in  sulphuric  acid.  These  reactions  are  taken  advantage  of 
in  retaining  the  oxides  of  nitrogen  in  the  Gay-Lussac  coke-towers,  and  for  extracting  the 
absorbed  oxides  of  nitrogen  from  the  resultant  solution  in  the  Glover  tower.  Although 
nitric  oxide  is  not  absorbed  by  sulphuric  acid,  it  reacts  (Rose,  Briining)  on  its  anhydride, 
and  fonns  sulphurous  anhydride  and  a  crystalline  substance,  NqS.^Oq  =  SNO-FSSOj  — SO2 
=  N2O32SO3.  This  may  be  regarded  as  the  anhydride  of  nitro-sulphuric  acid,  because 
N^S^Og  =  2NHSO5  —  HoO ;  like  nitro-sulphuric  acid,  it  is  decomposed  by  water  into 
nitro-sulphuric  acid  and  nitrous  anhydride.  Since  boric  and  arsenious  anhydrides, 
alumina  and  other  oxides  of  the  form  RjO-  are  able  to  combine  with  sulphuric  anhydride 
to  form  similar  compounds  decomposable  by  water,  the  above  compound  does  not  present 
any  exceptional  phenomenon.  The  substance  NOCISO5  obtained  by  Weber  by  the 
action  of  nitrosyl  chloride  upon. sulphuric  anhydride  belongs  to  this  class  of  compounds. 

41  bis  Many  double  salts  of  thiosulphuric  acid  are  known,  for  instance,  PbS3053Na2S203, 
I2H2O ;  CaS205,3K2S205,5H.,0,  &c.  (Fortman,  Schwicker,  Pock,  and  others). 
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with  all  bases,  for  such  bases  as  alumina,  ferric  oxide,  chromium  oxide, 
and  others  do  not  give  compounds  with  thiosulphuric  acid,  just  as  they 
do  not  form  stable  compounds  with  carbonic  acid.  Whenever  these 
salts  might  be  formed,  they  (like  the  acid)  split  up  into  sulphurous  acid 
and  sulphur,  and  furthermore  the  elements  of  thiosulphuric  acid  in 
many  cases  act  in  a  reducing  manner,  forming  sulphuric  acid  and 
taking  up  the  oxygen  from  reducible  oxides.  Thus  when  treated  with 
a  thiosulphate  the  soluble  ferric  salts  give  a  precipitate  of  sulphur  and 
form  ferrous  salts.  The  thiosulphates  of  the  metals  of  the  alkalis  are 
obtained  directly  by  boiling  a  solution  of  their  sulphites  with  sulphur  : 
Na2S03  +  S  ^=  Na2S203.  The  same  salts  are  formed  by  the  action  of 
sulphurous  anhydride  on  solutions  of  the  sulphides  ;  thus  sodium 
sulphide  dissolved  in  water  gives  sulphur  and  sodium  thiosulphate 
when  a,  stream  of  sulphurous  anhydride  is  passed  through  it  :  l^NagS 
+  3SO2  =  2]Sra2S^03  -h  S.  The  polysulphides  of  the  alkali  metals 
when  left"  exposed  to  the  air  attract  oxygen  and  also  form  thio- 
sulphates/^ 

^-  Thus  when  alkali  waste,  which  contains  calcium  sulphide,  undergoes  oxidation  in 
the  air  it  first  i'ornis  a  calcium  jioly sulphide,  and  then  calcium  thiosulphate,  CaS.jO-. 
Whenironor  zinc  acts  on  a  solution  of  sulphurous  acid,  besides  the  hyposulphurous  acid 
first  formed,  a  mixture  of  sulphite  and  thiosulphate  is  obtained  (Note  39),  SSO^  +  Ziij 
=  ZnS03+ ZnSoO;^.  Tn  this  case,  as  in  the  formation  of  hyposulphurous  acid,  there  is 
no  hydrogen  liberated.  One  of  the  most  common  methods  for  preparing  thiosulphates 
consists  in  the  action  of  sidjpliur  on  the  alkalis.  The  reaction  is  accomplished  by  the 
formation  of  sulphides  aud  thiosulphates,  just  as  the  reaction  of  clilorine  on  alkalis  is 
accompanied  by  the  formation  of  hypochlorites  aud  chlorides ;  hence  in  this  respect  the 
thiosulphates  hold  the  sam.e  position  in  the  order  of  the  compounds  of  sulphur  as  the 
hypochlorites  do  among  the  chlorine  compounds.  The  reaction  of  caustic  soda  on 
an  excess  of  sulphur  may  be  expressed  thus  :  6NaH0  +  liiS  =  2Na2S5+ Na.jS203  +  3H20. 
Thus  sulphur  is  soluble  in  alkalis.  On  a  large  scale  sodium  thiosulphate,  Na-oS.iO-,  is 
prt^pared  by  first  heating  sodium  sulphate  with  charcoal,  to  form  sodium  sulphide,  which 
is  thea  dissolved  in  water  and  treated  with  sulphurous  anhydride.  The  reaction  is  com- 
plete when  the  solution  has  become  slightly  acid.  A  certain  amount  of  caustic  alkali  is 
added  to  the  slightly  acid  solution  ;  a  portion  of  the  sulphur  is  thus  precipitated,  and  the 
solution  is  then  boiled  and  evaporated  when  the  salt  ciystallises  out.  The  saturation 
of  the  solution  of  sodium  sulphide  by  sulphurous  anhydride  is  carried  on  in  different 
ways — for  example,  by  means  of  coke-towers,  by  causing  the  solution  of  sulphide  to 
trickle  over  the  coke,  and  the  sulphurous  anhydride,  obtained  by  burning  sulphur,  to 
pass  up  the  coke-tower  from  below.  An  excess  of  sulphurous  anhydi'ide  must  be 
avoided,  as  otherwise  sodium  trithionate  is  formed.  Sodium  thiophosphate  is  also  pre- 
pared by  the  double  decomposition  of  the  soluble  calcium  thiosulphate  with  sodium  sul- 
phate or  carbonate,  in  which  case  calcium  sulphate  or  carbonate  is  precipitated.  The 
calcium  thiosulphate  is  prepared  by  the  action  of  sulphurous  anhydride  on  either  calcium 
sulphide  or  alkali  waste.  A  dilute  solution  of  calcium  thiosulphate  may  be  obtained  by 
treating  alkali  waste  which  has  been  exposed  to  the  action  of  air  with  water.  On  eva- 
poration, this  solution  gives  crystals  of  the  salt  containing  CaS205,5H20.  A  solution  of 
calcium  thiosulphate  must  be  evaporated  with  great  care,  because  otherwise  the  salt 
breaks  up  into  sulphur  and  calcium  sulphide.  Even  the  crystallised  salt  somotimes 
undergoes  this  change. 

The  crystals  of  sodium  thiosulphate  are  stable,  do  not  effloresce  and  at  0°  d'ssolve  iu 
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Although  sulphur,  oxidising  at  a  high  temperature,  only  forms  a, 
small  quantity  of  sulphuric  anhydride,  SO^,  and  nearly  all  passes  into 
sulphurous  anhydride,  still  the  latter  may  he  converted  into  the  higher 
oxide,  or  Sff//Jniric  anhydride,  SO3,  by  many  methods.  Sulphuric 
anhydride  is  a  solid  crystalline  substance  at  the  ordinary  temperature  ; 
it  is  easily  fusible  (15^),  and  volatile  (46°),  and  rapidly  attracts  moisture. 
Although  it  is  formed  by  the  combination  of  sulphurous  anhydride 
with  oxygen,  it  is  capable  of  further  combination.  Thus  it  combines 
with    water,    hydrochloric    acid,  ammonia,    with   many  hydrocarbons, 

one  part  of  water,  and  at  20°  in  0*0  part.  The  solution  of  tliis  salt  does  not  undergo 
any  change  when  boiled  for  a  short  time,  but  after  prolonged  boiling  it  deposits  sulphur. 
The  crystals  fuse  at  56^,  and  lose  all  their  water  at  100°.  When  the  dry  salt  is  ignited 
it  gives  sodium  sulphide  and  sulphate.  With  acids,  a  solution  of  the  thiosulphate  soon 
becomes  cloudy  and  deposits  an  exceedingly  fine  powder  of  sulphur  (Note  10).  If  the 
amount  of  acid  added  be  considerable,  it  also  evolves  sulphurous  anhydride ;  H^S/J- 
=  H^O  +  S  +  80.2-  Sodium  thiosulphate  has  many  practical  uses  ;  it  is  used  in  photo- 
graphy for  dissolving  silvfr  chloride  and  bromide.  Its  solvent  action  on  silver  chloride 
may  be  talcen  advantage  of  in  extracting  this  metal  as  chloride  from  its  ores.  In 
dissolving,  it  forms  a  double  salt  of  silver  and  sodium:  AgCl -f Na.iSaOj  =  NaCl 
-r  AgNaW.jO--  Sodium  thiosulphate  is  an  ayitichlor — that  is,  -a,  substance  which  hinders 
the  destructive  action  of  free  chlorine  owing  to  its  being  very  easily  oxidised  by  chlorine 
into  sulphuric  acid  and  sodium  chloride.  The  reaction  with  iodine  is  different,  and  is 
remarkable  for  the  accuracy  with  whicli  it  proceeds.  The  iodine  takes  up  half  the 
sodium  from  the  salt  and  converts  it  into  a  tetrathionate  ;  2Na.,S-2^3  + 1,'  =  2NaI  +  Na^KjO^, 
and  hence  this  reaction  is  employed  for  the  detennination  of  free  iodine.  As  iodine  is 
expelled  from  potassium  iodide  by  chlorine,  it  is  possible  also  to  determine  the  amount 
of  chlorine  by  this  method  if  potassium  iodide  be  added  to  a  solution  containing  chlorine. 
And  as  many  of  the  higher  oxides  are  able  to  evolve  iodine  from  jjotassium  iodide,  or 
chlorine  from  liydrocliloric  acid  (for  example,  the  higher  oxides  of  manganese,  chromium, 
ttc),  it  is  also  possible  to  determine  the  amounts  of  these  higher  oxides  by  means  of 
sodium  thiosulphate  and  liberated  iodine.  This  forms  the  basis  of  the  iodometric  method 
of  volumetric  analysis.  The  details  of  these  methods  will  be  found  in  works  on  analytical 
chemistry. 

On  adding  a  solution  of  a  lead  salt  gradually  to  a  solution  of  sodium  thiosulphate  a 
white  precipitate  of  lead  thiosulphate,  PbS20-,  is  formed  (a  soluble  double  salt  is  first 
formed,  and  if  the  action  be  rapid,  lead  sulphide).  When  this  substance  is  heated  at 
200^,  It  undergoes  a  change  and  takes  fire.  Sodium  thiosulphate  in  solution  rapidly 
reduces  cupric  salts  to  cuprous  salts  by  means  of  the  sulphurous  acid  contained  in  the 
thiosulphate,  but  the  resultant  cuprous  oxide  is  not  precipitated,  because  it  passes  into 
the  state  of  a  thiosulphate  and  forms  a,  double  salt.  These  double  cuprous  salts  are 
excellent  reducing  agents.  The  solution  when  heated  gives  a  black  j)recipitate  of  copper 
sulphide. 

The  following  formulae  sufficiently  explain  the  position  held  V)y  thiosulphuric  acid 
among  the  other  acids  of  sulphur  : 

Sulphurous  acid  S02H(0H) 

Sulphuric  acid  SOaOH(OH) 

Thiosulphuric  acid  S02SH{0H 

Hyposulphurous  acid  S0|.H{S02H) 

Dithionic  acid  SOaOHCSOjOH) 

At  one  time  it  was  thought  that  all  the  salts  of  thiosulphuric  acid  only  existed  in 
combination  with  water,  and  it  was  then  supposed  that  their  composition  was  H4S2OJ,  or 
HjSf)^,  but  Popp  obtained  the  anhydrous  salts. 
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and  even  with  sulphuric  acid,  boric  and  nitrous  anhydrides,  ifec,  and 
also  with  bases  which  burn  directly  in  its  vapour,  forming  sulphates  in 
the  presence  of  traces  of  moisture  (.lee  Chapter  IX.,  Note  29).  The 
oxidation  of  sulphurous  anhydride,  HO.,,  into  sulphuric  anhydride,  SO3, 
is  effected  by  passing  a,  mixture  of  the  former  and  dry  oxygen  or 
air  over  incandescent  spongy  platinum.  An  increase  of  pressure 
accelerates  the  reaction  (Hanisch).  If  the  product  be  passed  into  a 
cold  vessel,  crystalline  sulphuric  anhydride  is  deposited  upon  the  sides  of 
the  vessel,  but  as  it  is  difficult  to  avoid  all  traces  of  moisture  it  always 
contains  compounds  of  its  hydrates  :  HjSjOy  and  H,j.S40|3,  whose 
presence  so  modifies  the  properties  of  the  anhydride  (Weber)  that 
formerly  two  modifications  of  the  anhydride  were  recognised.  The 
same  sulphuric  anhydride  may  be  obtained  from  certain  anhydrous 
sulphates,  or  those  which  are  almost  so,  which  are  decomposed  by  heat, 
whilst  an  impure  but  perfectly  anhydrous  anhydride  is  formed  by 
distillation  over  phosphoric  anhydride.  For  instance,  acid  sodium 
sulphate,  IfaHSOj,  and  the  pyro-  or  di-sulphate,  Na2S207  (Chapter 
XII.)  formed  from  it,  when  ignited  evolve  sulphuric  anhydride.  Careen 
vitriol — that  is,  ferrous  sulphate,  FeS04 — belongs  to  the  number  of 
those  sulphates  which  easily  give  off  sulphuric  anhydride  under  the 
action  of  heat.  It  contains  water  of  crystallisation  and  parts  with  it 
when  it  is  heated,  but  the  last  equivalent  of  water  is  driven  off  with 
difficulty,  just  as  is  the  case  with  magnesium  sulphate,  MgS047H20  ; 
however,  when  thoroughly  heated,  this  evolution  of  sulphuric  anhydride 
does  take  place,  although  not  completely,  because  at  a  high  temperature  a 
portion  of  it  is  decomposed  by  the  ferrous  oxide  (SO3  +  2FeO),  which 
is  converted  into  ferric  oxide,  FejOs,  and  in  consequence  part  of  the 
sulphuric  anhydride  is  converted  into  sulphurous  anhydride.  Thus  the 
products  of  the  decomposition  of  ferrous  sulphate  will  be  :  ferric  oxide, 
FejOj,  sulphurous  anhydride,  SOg,  and  sulphuric  anhydride,  SO3, 
according  to  the  equation  :  2FeS04  =  FojOj  +  SO,  +  SOg.  As  water 
still  remains  with  the  ferrous  sulphate  when  it  is  heated,  the  result  will 
partially  consist  of  the  hydrate  H2SO4,  with  anhydride,  SO3,  dissolved 
in  it.  Sulphuric  acid  was  for  a  long  time  prepared  in  this  manner  ; 
the  process  was  formerly  carried  on  on  a  large  scale  in  the  neighbour- 
hood of  Nordhausen,  and  hence  the  sulphuric  acid  prepared  from 
ferrous  sulphate  is  called  finning  Nordhcmsen  acid.  At  the  present 
time  the  fuming  acid  is  prepared  by  passing  the  volatile  products  of  the 
decomposition  of  ferrous  sulphate  through  strong  sulphuric  acid  pre- 
pared by  the  ordinary  method.  The  sulphurous  anhydride  is  insoluble 
in  it,  but  it  absorbs  the  sulphuric  anhydride.  Sulphuric  anhydride 
may  be  prepared  not  only  by  igniting  FeSOj  or  sodium  pyrosulphate. 


•234  PRINCIPLES    fiF   CHEMISTRY 

Xa2S,0-  (the  decomposition  proceeds  at  600°),  but  also  by  heating 
a  mixture  of  the  latter  and  McrSO^  (Walters)  ;  in  the  former  cast-  a 
stable  double  salt  MgNa-.^SO,),  finally  remains.  It  is  also  obtained 
by  the  direct  combina,tion  of  SO.,  and  O  under  the  action  of  spongy 
platinum  or  asbestos  coated  with  platinum  black  (C.  Winkler's  pro- 
ces.s).  Nordhausen  sulphuric  acid  fumes  in  air,  owing  to  its  containing 
and  easily  giving  off  sulphuric  anhydride,  and  it  is  therefore  also  called 
fuming  siiljJiiiric  acid;  these  fumes  are  nothing  but  the  vapour  of 
sulphuric  anhydride  combining  with  the  moisture  in  the  air  and  forming 
non-volatile  sulphuric  acid  (hydrate).^' 

Xordhausen  sulphuric  acid  contains  a  peculiar  compound  of  SO3 
and  H^S04,  or  j/ijro.'ail^jhiiric  acid  ;  an  imperfect  anhydride  of  sulphuric 
acid,  H.2S2O7,  analogous  in  composition  with  the  salts  Na.^S^O;, 
K.,Cr.20;,  and  bearing  the  same  relation  to  H^SO,  that  pyrophosphoric 
acid  does  to  H.jPOj.  The  bond  holding  the  sulphuric  acid  and 
anhydride  together  is  unstable.  This  is  obvious  from  the  fact  that  the 
anhydride  may  easily  be  separated  from  this  compound,  by  the  action  of 
heat.  In  order  to  obtain  the  definite  compound,  the  Xordhausen  acid 
is  cooled  to  -5°,  or,  better  still,  a  portion  of  it  is  distilled  until  all  tlie 
anhydride  and  a  certain  amount  of  .sulphuric  acid  have  passed  over  into 
the  distillate,  which  will  then  solidify  at  the  ordinary  temperature, 
because  the  compound  H2SOj,S03  fuses  at  35°.  Although  this  sub- 
stance reacts  on  water,  bases,  &c.,  like  a  mixture  of  SOj-j-H^SOj,  still 

'■^  Xordhausen  sulphuric  acid  may  serve  a-^  a  very  simple  means  for  the  preparation 
of  sulphuric  anhydride.  For  this  purpo-,e  the  Xordhausen  acid  is  heated  in  a  glass 
retort,  whose  neck  is  firmly  fixed  in  the  mouth  of  a  well-cooled  flask.  The  access  of 
moisture  is  prevented  by  connecting  the  receiver  with  a  drying-tube.  On  heating  the 
retort  the  vapours  of  sulphuric  anhydride  will  pass  over  into  the  receiver,  where  they 
condense ;  the  crystals  of  anhydride  thus  prepared  will,  however,  contain  traces  of 
sulphuric  acid — that  is,  of  the  hydi'ate.  By  repeatedly  distilling  over  phosphoric 
anhydride,  it  is  possible  to  obtain  the  pure  anhydride,  SO-,  especially  if  the  process  be 
carried  on  without  access  of  air  in  a  closed  vessel. 

The  ordinary  sulphuric  anhydride,  which  is  imperfectly  freed  from  the  hydrate,  is  a 
snow-white,  exceedingly  volatile  substance,  which  crystallises  (generally  by  sublimation) 
in  long  silky  prisms,  and  only  gives  the  pure  anhydride  when  carefully  distilled  over 
P.2O5.  Freshly  prepared  crystals  of  almost  pure  anhydride  fuse  at  16^  into  a  colourless 
liquid  having  a  specific  gravity  at  2*5"  =  1'91,  and  at  47 '  =  1'81 ;  it  volatihses  at  46^.  After 
being  kept  for  some  time  the  anhydride,  even  containing  only  small  traces  of  water, 
undergoes  a  change  of  the  following  nature :  A  small  quantity  of  sulphuric  acid  com- 
bines by  degrees  with  a  large  proportion  of  the  anhydride,  forming  polysulphuric  acids, 
H-,S04,nS05,  which  fuse  with  difficulty  (even  at  100°,  Marigiiact,  but  decompose  when 
heated.  In  the  entire  absence  of  water  this  rise  in  the  fusing  point  does  not  occur 
1  Weber^,  and  then  the  anhydride  long  remains  liquid,  and  solidifies  at  about  -f  15',  vola- 
tilises at  40',  and  has  a  specific  gravity  1'94  at  UP.  We  may  add  that  Weber  (1881),  by 
treating  sulphuric  jinhydride  with  sulphur,  obtained  a  blue  lower  oxide  of  sulphur,  S-jOj. 
Selenium  and  tellurium  also  give  similar  products  with  SO;^,  SeSO^,  and  TeSO^.  Water 
'Ines  not  act  upon  them. 
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since  a  definite  compound,  H.^^^fJ^,  exists  in  a  free  state  and  gives  salts 
and  a  chloranhydride,  SjO.-jOl.,,'"  we  must  admit  the  existence  of  a 
definite  pyi'osulphuric  acid,  like  pyrophosphoric  acid,  only  that  the 
latter  has  a  fargreater  stability  and  is  not  even  converted  into  a  perfect 
hydrate  by  water.  Further,  the  salts  M^S^*^);  dissolved  in  water  react 
ill  the  same  manner  as  the  acid  salts  MHSO4,  whilst  the  imperfect 
hydrates  of  phosphoric  acid  (for  example,  PHOj,  HjP.^O,)  have  in- 
dependent reactions  even  in  an  aqueous  solution  which  distinguish  them 
and  their  salts  from  the  perfect  hydrates. 

S'idphuria  acid,  H.^SO,,,  is  formed  by  the  combination  of  its  anhy- 
dride, SO3,  and  water,  with  the  evolution  of  a  large  amount  of  heat  ; 
the  reaction  SO,  -i-H.,')  develops  21,300  heat  units.  The  method  of  its 
preparation  on  a  large  scale,  and  most  of  the  methods  employed 
for  its  formation,  are  dependent  on  the  oxidation  of  sulphurous 
anhydride,  and  the  formation  of  sulphuric  anhydride,  which  forms 
sulphuric  acid  under  the  action  of  watei'.  The  technical  method  of  its 
manufacture  has  been  described  in  Chapter  VI.  The  acid  obtained 
from  the  lead  chamhern  contains  a  considerable  amount  of  water,  and 
is  also  impure  owing  to  the  presence  of  oxides  of  nitrogen,  lead  com- 
pounds, and  certain  impurities  from  the  burnt  sulphur  which  have 
come  over  in  a  gaseous  and  vaporous  state  (for  example,  arsenic  com- 
pounds). For  practical  purposes,  hardly  any  notice  is  taken  of  the 
majority  of  these  impu  rities,  because  they  do  not  interfere  with  its  general 
qualities.  Most  frequently  endeavours  are  only  made  to  remo\e,  as  far 
as  possible,  all  the  water  which  can  be  expelled.'''     That  is,  the  object 

^^  PyrosulpllTiric  chloranhydride,  or  pjp-osid^^h m'yl  rjilonde,  SoOsCl^.,  corresponds 
to  pyrosulphuric'  acid,  in  the  same  way  that  sulphuryl  chloride,  SO.jClo,  corresponds 
to  sulphuric  acid.  The  composition  S.iOsClj  =  SO.iClo  +  SC^.  It  is  obtained  by  the 
action  of  the  vapour  of  sulphuric  anhydride  on  sulphur  chloride:  S.iCh-f  580^=  530^ 
+  S.2O5CI2.  It  is  also  formed  (and  not  sulphuryl  chloride,  S0-.C1.>,  jMichaelis)  by  the  action 
of  phosphorus  pentachloride  in  excess  on  sulphuric  acid  (or  its  first  chloranhydride, 
SHOsCl).  It  is  an  oily  liquid,  boiling  at  about  150°,  and  of  sp.  gr.  I'H.  According  to 
KonovalofE  (Chapter  VII.),  its  vapour  density  is  normal.  It  should  be  noticed  that  the 
same  substance  is  obtained  by  the  action  of  sulphuric  anhydride  on  sulphur  tetrachloride, 
and  also  on  carbon  tetrachloride,  and  this  substance  is  the  last  product  of  the  metalepsis 
of  CH4,  and  therefore  the  comparison  of  SClo  and  S.jCl.j  with  products  of  metalepsis  (see 
later)  also  finds  confirmation  in  particular  reactions.  Rose,  who  obtained  pyrosulphuryl 
chloride,  S.jOjClo,  regarded  it  as  SCl(5,5ri05,  for  at  that  time  an  endeavour  was  always 
made  to  find  two  component  parts  of  opposite  polarity,  and  this  substance  was  cited  as  a 
proof  of  the  existence  of  a  hexachloride,  SClg.  Pyrosulphuryl  chloride  is  decomposed  by 
cold  water,  but  more  slowly  than  chlorosulphuric  acid  and  the  other  chloranhydrides. 

The  relation  between  pyrosulphuric  acid  and  the  normal  acid  will  be  obvious  if  we 
express  the  latter  by  the  formula  0H(S05H),  because  the  sulphonic  group  (SO5H)  is 
then  evidently  equivalent  to  OH,  and  consequently  to  H,  and  if  we  replace  both  the 
hydrogens  in  water  by  this  radicle  we  shall  obtain  (SO^HJ^O — that  is,  pjTosulphuric  acid. 

'^  The  ren\oval  of  the  water,  or  concentration  to  almost  the  real  acid,  H2SO4,  is 
effected  for  two  reasons  :  in  the  first  place  to  avoid  the  expense  of  transit  (it  is  cheaper 
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is  to  obtain  the  hydiute,  HjSO.,,  from  the  dilute  acid  (60  per  cent.), 
and  this  is  effected  by  evaporation  by  means  of  heat.  Every  given 
mixture  of  water  and  sulphuric  acid  begins  to  part  v^ith  a  certain 
amount  of  aqueous  vapour  when  heated  to  a  certain  definite  temperature. 
At  a  low  temperature  either  there  is  no  evaporation  of  water,  or  there 
can  even  be  an  absorption  of  moisture  from  the  air.  As  the  removal 
of  the  water  proceeds,  the  vapour  tension  of  the  residue  decreases  for 
the  same  temperature,  and  therefore  the  more  dilute  the  acid  the  lower 
the  temperature  at  which  it  gives  up  a  portion  of  its  water.  In  con- 
sequence of  this,  the  removal  of  water  from  dilute  solutions  of  sulphuric 
acid  may  be  easily  carried  on  (up  to  75  p.c.  HjSO^)  in  lead  vessels, 


Fig.  87. — Concentnitidii  of  sulphuric  acid  in  gla^s  retorr^.  The  neck  of  eacli  retort  is  attached  to  a 
beut  glass  tube,  whose  vertical  arm  is  lowered  into  a  glass  or  eiirthenw.ire  vessel  acting  as  a 
receiver  fur  the  steam  which  comes  over  from  the  acid,  as  the  former  still  contains  a  certain 
amount  of  acid. 

because  at  low  temperatures  dilute  sulpliuric  acid  does  not  attack  lead. 
But  as  the  acid  becomes  more  concentrated  the  temperature  at  which 
the  water  comes  over  becomes  higher  and  higher,  and  then  the  acid 

to  remove  the  water  than  to  pay  tor  its  transit),  and  in  the  second  place  because  many 
processes — for  mstance,  the  refining  of  petroleum — require  a  strong  acid  free  from  an 
excess  of  water,  the  weak  acid  having  no  action.  When  in  the  manufacture  of  chamber 
acid,  both  the  Gay-Lussac  tower  (cold,  situated  at  the  end  of  the  'chambers)  and  the 
Glover  tower  (hot,  situated  at  the  beginning  of  the  plant,  between  the  chambers  and 
ovens  for  the  production  of  SO2)  are  employed,  a  mixture  of  nitrose  (i.e.  the  product  of 
the  Gay-Lussac  tower)  and  chamber  acid  containing  about  GO  p.c.  HgSO,  is  poured 
into  the  Glover  tower,  where  under  the  action  of  the  hot  furnace  gases  containing  SO.., 
and  the  water  held  in  the  chamber  acid  (1)  N.jO-,  is  evolved  from  the  nitrose ;  (2)  water 
is  expelled  from  the  chamber  acid ;  (3)  a  portion  of  the  SO.2  is  converted  into  H2SO4; 
and  (4)  the  furnace  gases  are  cooled.  Thus,  amongst  other  things,  the  Glover  tower 
facilitates  the  concentration  of  the  chamber  acid  (removal  of  HjO),  but  the  product 
generally  contains  many  impurities. 


SULPHUE,    SELENIUM,   AXD   TELLURIUM 


237 


begins  to  act  on  lead  (with  the  evolution  of  sulphuretted  hydrogen  and 
conversion  of  the  lead  into  sulphate),  and  therefore  lead  vessels  cannot 
be  employed  for  the  complete  removal  of  the  water.  For  this  purpose 
the  evaporation  is  generally  carried  on  in  glass  or  platinum  retorts,  like 
those  depicted  in  iigs.  87  and  ISS. 

The  concentration  of  ftii/phu7'ic  acid  in  glass  retorts  is  not  a  con- 
tinuous process,  and  consists  of  heating  the  dilute  75  per  cent,  acid 
until  it  ceases  to  give  off  aqueous  vapour,  and  until  acid  containing 
93-98  per  cent.  H2SO4  (66°  Baume)  is  obtained — and  this  takes  place 
when  the  temperature  reaches  320°  and  the  density  of  the  residue 
reaches  1-847  (66°  Baume). "^     The  platinum  vessels  designed  for  the 


Pig.  88.— Concentration  of  sulpliuric  acid  in  platinum  retorts. 

continuous  concentration  of  sulphuric  acid  consist  of  a  still  b,  furnished 
with  a  still  head  E,  a  connecting  pipe  e  f,  and  a  syphon  tube  h  r, 
which  draws  off  the  sulphuric  acid  concentrated  in  the  boiler.  A  stream 
of  sulphuric  acid  previously  concentrated  in  lead  retorts  to  a  density  of 
about  60°  Baume — i.e.  to  75  per  cent,  or  a  sp.  gr.  of  1-7 — runs  con- 
tinuously into  the  retort  through  a  syphon  funnel  e.  The  apparatus  is  fed 
from  above,  because  the  acid  freshly  supplied  is  lighter  than  that  which 
has  already  lost  water,  and  also  because  the  water  is  more  easily 
evaporated  from  the  freshly  supplied  acid  at  the  surface.     The  platinum 


*^  The  difficulty  with  which  the  last  portions  of  water  are  removed  is  seen  from  the 
fact  that  the  boiling  becomes  very  irregular,  totally  ceasing  at  one  moment,  then  suddenly 
starting  again,  with  the  rapid  formation  of  a  considerable  amount  of  steam,  and  at  the 
same  time  bumping  and  even  overturning  the  vessel  in  which  it  is  held.  Hence  it  is  not 
a  rare  occurrence  for  the  glass  retorts  to  break  during  the  distillation ;  this  causes 
platinum  retorts  to  be  preferred,  as  the  boiling  then  proceeds  quite  imiformly. 
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retort  is  heated,  and  the  steam  coming  off  ''  is  condensed  in  a  worm 
r  G,  whilst  as  fresh  dilute  acid  is  supplied  to  the  boiler  the  acid  already 
concentrated  is  drawn  off  through  the  syphmi  tube  ll  B,  which  is 
furnished  with  a  regulating  cook  by  means  of  which  the  outflow  of  the 
concentrated  acid  from  the  bottom  of  the  retout  can  be  so  regulated 
that  it  will  always  present  one  and  the  same  specific  gravity,  corre- 
sponding with  the  strength  required.  For  this  purpose  the  acid  flowing 
from  the  syphon  is  collected  in  a  receiver  R,  in  which  a  hydrometer, 
indicating  its  density,  floats  ;  if  its  density  be  less  than  66°  Baume, 
the  regulating  cock  is  closed  sufficiently  to  retai'd  the  outflow  of  sul- 
phuric acid,  so  as  to  lengthen  the  time  of  its  evaporation  in  the  retort." 

"  According  to  Rognault,  the  vapour  tensions  (in  millimetres  of  mercury)  of  the 
water  given  off  by  the  hydrates  of  sulphuric  acid,  H^SOij^iHaO,  are — 
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According  to  Lunge,  the  vapour  tension  of  the  aqueous  vapour  given  off  from.  solutio)is 
of  Bulphui'ic  acid  containing  p  per  cent.  H-jSOj,  at  t°,  equals  the  barometric  pressure 
720  to  730  mm. 

p  =  10         20         30         40         50         60         70         80         85         90         95 

f=  102°     105°     108°     114°     124°     141°     170°     '207°     233^     262°     295° 

The  latter  figures  give  the  temperature  at  which  water  is  easily  expelled  from  solu- 
tions of  sulphuric  acid  of  different  strengths.  But  the  evaporation  begins  sooner,  and 
concentration  may  be  carried  on  at  lower  temperatures  if  a  stream  of  air  be  passed 
through  the  acid.     Kessler's  process  is  based  upon  this  (Note  48). 

■13  The  greatest  part  of  the  sulphuric  acid  is  used  in  the  soda  manufacture,  in  the 
conversion  of  the  common  salt  into  sulphate.  For  this  pur[>ose  an  acid  having  a 
density  of  60°  Baume  is  amply  sufficient.  Chamber  acid  has  a  density  up  to  1*57  ~  50°  to 
51°  Baume  ;  it  contains  about  35  per  cent,  of  water.  About  15  per  cent,  of  this  water  can 
be  removed  in  leaden  stills,  and  nearly  all  the  remainder  may  be  expelled  in  glass  or 
platinum  vessels.  Acid  of  6Q°  Baumd,  =  1'847,  contains  about  96  per  cent,  of  the  hydrate 
H2SO4.  The  density  falls  with  a  greater  or  less  proportion  of  water,  the  maximum 
density  corresponding  with  97^  per  cent,  of  the  hydrate  HaSO^.  The  concentration  of 
H2SO4  in  ]5latinum  retorts  has  the  disadvantage  that  sulphuric  acid,  upwards  of  90 
l^er  cent,  in  strength,  does  corrode  platinum,  although  but  slightly  (a  few  grams  per  tens 
of  tons  of  acid).  The  retorts  therefore  require  repairing,  and  the  cost  of  the  platinum 
exceeds  the  price  obtained  for  concentrating  the  acid  from  90  per  cent,  to  98  per  cent,  (in 
factories  the  acid  is  not  concentrated  beyond  this  by  evaporation  in  the  air).  This  incon- 
venience has  lately  (1891,  by  Mathey)  been  eliminated  by  coating  the  inside  of  the  plati- 
num retorts  with  a  thin  (O'l  to  0'02  mm.)  layer  of  gold  which  is  40  times  less  corroded  by 
sulphuric  acid  than  platinum.  Xegrier  (1890)  carries  on  the  distillation  in  porcelain 
dishes,  Blond  by  heating  a.  thin  platinum  wire  immersed  in  the  acid  by  means  of  an 
-electric  ciuTent,  but  the  most  promising  method  is  that  of  Kessler  (1891),  which  consists 
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Strictly  speaking,  suljjhuric  acid  is  not  volatile,  and  at  its  so-called 
boiling-point  ""^  it  really  decomposes  into  its  anhydride  and  water  ;  its 
boiling-point  (33(S°)  being  nothing  else  but  its  temperature  of  decom- 
position. The  products  of  this  decomposition  are  substances  boiling 
much  below  the  temperature  of  the  decomposition  of  sulphuric  acid. 
This  conclusion  with  regard  to  the  process  of  the  distillation  of  sul- 
phuric acid  may  be  deduced  from  Bineau's  observations  on  the  vapour- 
density  of  sulphuric  acid.  This  density  referred  to  hydrogen  proved 
to  be  half  that  which  sulphuric  acid  should  have  according  to  its 
molecular  weight,  H.^HO^,  in  which  case  it  should  be  49,  whilst  the 
observed  density  was  equal  to  24-r>.  Besides  which,  Marignac  showed 
that  the  first  portions  of  the  sulphuric  acid  distilling  over  contain  less 
of  the  elements  of  water  than  the  portion  which  remains  behind,  or 
which  distils  over  towards  the  end.  This  is  explained  by  the  fact  that 
on  distillation  the  sulphuric  acid  is  decomposed,  but  a  portion  of  the 
water  proceeding  from  its  decomposition  is  retained  by  the  remaining 
mass  of  sulphuric  acid,  and  therefore  at  first  a  mixture  of  sulphuric 
acid  and  sulphuric  anhydride — i.e.  fuming  sulphuric  acid — is  obtained 
in  the  distillate.  It  is  possible  by  repeating  the  distillation  several  times 
and  only  collecting  the  first  portions  of  the  distillate,  to  obtain  a 
distinctly  fuming  acid.  To  obtain  the  definite  hydrate  H2SO4  it  is 
necessary  to  refrigerate  a  highly  concentrated  acid,  of  as  great  a  purity 
as  possible,  to  which  a  small  quantity  of  sulphuric  anhydride  has  been 
previously  added.  Sulphuric  acid  containing  a  small  quantity  (a  fraction 
of  a  per  cent,  by  weight)  of  water  only  freezes  at  a  very  low  temperature, 
while  the  pure  normal  acid,  HjSOj,  solidifies  when  it  is  cooled  below  0°, 

in  passing  hot  air  over  snlpliuric  acid  flowing  in  a  tliin  stream  in  stone  vessels,  so  that 
there  is  no  boiling  but  only  evaporation  at  moderate  temperatures  :  the  transference  of 
the  heat  is  direct  [and  not  through  the  sides  of  the  vessels),  which  economises  the  fuel 
and  prevents  the  distilling  vessels  being  damaged. 

When,  by  evaporation  of  the  water,  sulphuric  acid  attains  a  density  of  66°  Baumc 
(sp.  gr.  l"8i),  it  is  impossible  to  concentrate  it  further,  because  it  then  distils  over 
unchanged.  Tlte  distillation  of  ■■iulphirru:  acid  is  not  generally  carried  on  on  a  large 
scale,  but  forms  a  laboratory  process,  employed  when  particularly  pure  acid  is  required. 
The  distillation  is  effected  either  in  platinum  retorts  furnished  with  con-esponding  con- 
densers and  receivers,  or  in  glass  retorts.  In  the  latter  case,  great  caution  is  necessary, 
because  the  boiling  of  sulphuric  acid  itself  is  accompanied  by  still  more  violent  jerks  and 
greater  iiTegularity  than  even  the  evaporation  of  the  last  portions  of  water  contained  in 
the  acid.  If  the  glass  retort  which  holds  the  strong  sulphuric  acid  to  be  distilled  be 
heated  directly  from  below,  it  frequently  jerks  and  breaks.  For  greater  safety  the 
heating  is  not  effected  from  below,  but  at  the  sides  of  the  retort.  The  evaporation  then 
does  not  proceed  in  the  whole  mass,  but  only  from  the  upper  portions  of  the  liquid,  and 
therefore  goes  on  much  more  quietly.  The  acid  may  be  made  to  boil  quietly  also  by 
surrounding  the  retort  with  good  ^conductor.^  of  heat — for  example,  iron  filings,  or  by 
immersing  a  bunch  of  platinum  wires  hi  the  acid,  as  the  bubbles  of  sulphuric  acid  vapour 
then  fonn  on  the  extremities  of  the  wires. 
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and  therefore  the  normal  acid  first  crystallises  out  from  the  concen- 
trated sulphuric  acid.  By  repeating  the  refrigeration  several  times, 
and  pouring  off  the  unsolidified  portion,  it  is  possible  to  obtain  a  pure 
noriaal  hydrate,  H.^SO^,  which  melts  at  10°'4.  Even  at  40°  it  gives  off 
distinct  fumes — that  is,  it  begins  to  evolve  sulphuric  anhydride,  which 
volatilises,  and  therefore  even  in  a  dry  atmosphere  the  hydrate  HjSO , 
becomes  weaker,  until  it  contains  \\  p.c.  of  water.'"' 

In  a  concentrated  form  sulphuric  acid  is  commercially  known  as  oil 
of  vitriol,  because  for  a  long  time  it  was  obtained  from  green  vitriol  and 
because  it  has  an  oily  appearance  and  flows  from  one  vessel  into  another 
in  a  thick  and  somewhat  sluggish  stream,  like  the  majority  of  oily 
substances,  and  in  this  clearly  differs  from  such  liquids  as  water,  spirit, 
ether,  and  the  like,  which  exhibit  a  far  greater  mobility.  Among  its 
reactions  the  first  to  be  remarked  is  its  faculty  for  the  formation  of 
many  compounds.  We  already  know  that  it  combines  with  its  anhy- 
dride, and  with  the  sulphates  of  the  alkali  metals  ;  that  it  is  soluble  in 
water,  with  which  it  forms  more  or  less  stable  compounds.  Sulphuric 
acid,  when  mixed  with  water,  develops  a  very  considerable  amount  of 
heat.«» 

Besides    the    normal    hydrate    H^'SOj,    another    definite    hydrate, 

^'-^  Thus  it  appears  that  so  common,  and  apparently  so  stable,  a  compound  as  sul- 
phuric acid  decomposes  even  at  a  low  temperature  with  separation  of  the  anhydride,  but 
this  decomposition  is  restricted  by  a  limit,  corresponding  to  the  presence  of  about  1^  p.c. 
of  water,  or  to  a  composition  of  nearly  H20,12H2S04. 

Now  there  is  no  reason  for  thinking  that  this  substance  is  a  definite  compound; 
it  is  an  equilibrated  system  which  does  not  decompose  under  ordinary  circumstances 
below  338^.  Dittmar  carried  on  the  distillation  under  pressures  varying  between  30  and 
2,140  millimetres  (of  mercury),  and  he  found  that  the  composition  of  the  residue  hardly 
varies,  and  contains  from  99'2  to  98'2  per  cent,  of  the  normal  hydrate,  although  at  30  mm. 
the  temperature  of  distillation  is  about  210'^  and  at  2,140  mm.  it  is  382°.  Furthermore, 
it  is  a  fact  of  practical  importance  that  under  a  pressure  of  two  atmospheres  the  dis- 
tillation of  sulphuric  acid  proceeds  very  quietly. 

Sulphuric  acid  may  be  'purified  from  the  majority  of  its  injpurities  by  distillation,  if 
the  first  and  last  portions  of  the  distillate  be  rejected.  The  first  portions  will  contain 
the  oxides  of  nitrogen,  hydrochloric  acid,  itc,  and  the  last  portions  the  less  volatile 
impurities.  The  oxides  of  nitrogen  may  be  removed  by  heating  the  acid  with  charcoal, 
which  converts  them  into  volatile  gases.  Sulphuric  acid  may  be  freed  from  arsenic  by 
heating  it  with  manganese  dioxide  and  then  distilling.  This  oxidises  all  the  arsenic  into 
non-volatile  arsenic  acid.  "Without  a  preliminary  oxidation  it  would  partially  remain  as 
volatile  arsenious  acid,  and  might  pass  over  into  the  distillate.  The  arsenic  may  also 
be  driven  ofi  by  first  reducing  it  to  arsenious  acid,  and  then  passing  hydrochloric  acid 
gas  through  the  heated  acid.  It  is  then  converted  into  arsenious  chloride,  which 
volatilises. 

^  The  amount  of  heat  developed  by  the  mixture  of  sulphuric  acid  with  water  is 
expressed  in  the  diagram  on  p.  77,  Volume  I.,  by  the  middle  curve,  whose  abscissse  are 
the  percentage  amounts  of  acid  (HjSOJ  in  the  resultant  solution,  and  ordiuates  the  num- 
ber of  units  of  heat  corresponding  with  the  formation  of  100  cubic  centimetres  of  the  solu- 
tion (at  18°).     The  calculations  on  which  the  curve  is  designed  are  based  on  Thomsen's 
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H2S04,H^O  (84*48  per  cent,  of  the  normal  hydrate,  and  lo-52  per  cent, 
of  water)  is  known;  it  crystallises''"^*"  extremely  easily  in  large  six- 
determinations,  which  show  that  98  grams  or  a  molecular  amount  of  sulphuric  acid,  in 
combining  with  m  molecules  of  water  (that  is,  with  in  18  grams  of  water),  develop  the 
following  number  of  units  of  heat,  R  : — 

m  =12                3  5  9  I'.l  49  100  200 

R  -    6379          9418  11137  1310S  14952  1(5256  16684  16859  17066 

c    =  0-432         0-470  0-500  0-576  0-701  0-821  O'Oll  l)-9r>4  0-975 

T  =   127°          149°           146°  121'^  82°  45°  19°  9°  5° 

c  stands  for  the  specific  heat  of  'H.2SO^}nH.2^  (according  to  Marignac  and  Pfaundler), 
and  T  for  the  rise  in  temperature  which  proceeds  from  the  mixture  of  H^.SO.^  with  fl^tHsO. 
The  diagram  shows  that  contraction  and  rise  of  temperature  proceed  almost  parallel 
with  each  other. 

50  bis  Pickering  (1890)  showed  {a)  that  dilute  solutions  of  sulphuric  acid  containing 
up  to  H.jS  O4  +  IOH2O  deposit  ice  (at  -  0°-12  when  there  is  2,000  HoO  per  H0SO4,  at  -  0°'23 
when  there  is  l,000HoO,  at  -l°-04  when  there  is  2OOH2O,  at  -2°'12  when  there  is 
lOOHoO,  at  -  4°-5  when  there  is  50HoO,  at  - 15°'7  when  there  is  20HoO,  and  at  -  61°  when 
the  composition  of  the  solution  is  H^SOi  +  lOH.jO) ;  (6)  that  for  higher  concentrations 
crystals  separate  out  at  it  considerable  degree  of  cold,  having  the  composition 
H2SO44H2O,  which  melt  at  —  24°'5,  and  if  either  water  or  H2SO4  be  added  to  this  com- 
pound the  temperature  of  crystallisation  falls,  so  that  a  solution  of  the  composition 
I2H0SO4  +  IOOH2O  gives  crystals  of  the  above  hydrate  at  -70°,  I5H0SO4  +  IOOH2O 
at  -47°,  30H2SO4+100HoOat  -32°,40H2SO4-i-100H2O  at  -52°;  (c)  that  if  the  amount 
of  H2SO4  be  still  greater,  then  a  hydrate  H2SO4H2O  separates  out  and  melts  at  +  8°'5, 
while  the  addition  of  water  or  sulphuric  acid  to  it  lowers  the  temperature  of  crystallisa- 
tion so  that  the  crystallisation  of  H2SO4H2O  from  a  solution  of  the  composition 
H2SO4+I-73H2O  takes  place  at  -22°,'H2S04  +  1-5H20  at  -6°-5,  H2S04-f  1-2H20  at 
+  3°-7,  H2SO4  +  O-75H2O  at  -|-2°-8,  B:2S04+0-5H20  at  -16"^  ;  (d)  that  when  there  is 
less  than  4OH2O  per  IOOH2SO4,  refrigo^ation  separates  out  the  normal  hydrate  H2SO4, 
which  melts  at  + 10*^-35,  and  that  a  solution  of  the  composition  H.^SOj  +  O-SyHgO  deposits 
crystals  of  this  hydrate  at  -34°,  HgSOj  +  OlOHoO  at  -4°-l,  H2SO4-f-0-05H2O  at 
-i-4°'9,  while  fuming  acid  of  the  composition  H2>^O4+0'05SO5  deposits  H0ISO4  at  about 
+  7°.  Thus  the  temperature  of  the  separation  of  crystals  clearly  distinguishes  the 
above  four  regions  of  solutions,  and  in  the  space  between  H.1SO4-I-H2O  and  +25H2O 
a  particular  hydrate  H2HO44H2O  separates  out,  discovered  by  Pickering,  the  isolation 
of  which  deserves  full  attention  and  further  research.  I  may  add  here  that  the  existence 
of  a  hydrate  H2SO,4HoO  was  pointed  out  in  my  work.  The  Investigation  of  Aqtteous 
•Solutions,  p.  120  (1887),  upon  the  basis  that  it  has  at  all  temperatures  a  smaller  value 
for  the  coefficient  of  expansion  k  in  the  formula  S(  =  So  {1  —  kt)  than  the  adjacent 
(in  composition)  solutions  of  sulphuric  acid.  And  for  solutions  approximating  to 
H2SO4IOH2O  in  their  composition,  k  is  constant  at  all  temperatures  (for  more  dilute 
solutions  the  value  of  k  increases  with  t  and  for  more  concentrated  solutions  it  decreases). 
This  solution  (with  IOH2O)  forms  the  point  of  transition  between  more  dilute  solutions 
which  deposit  ice  (water)  when  refrigerated  and  those  which  give  crystals  of  H2SO44H2O. 
According  to  R.  Pictet  (1894)  the  solution  HoSOi  IOH2O  freezes  at  -88°  (but  no 
reference  is  made  as  to  what  separates  out),  i.e.  at  a  lower  temperature  than  all  the 
other  solutions  of  sulphuric  acid.  However,  in  respect  to  these  last  researches  of 
R.  Pictet  (for  88-88  p.c.  H0SO4  -55'=,  for  HaS04H20  +3*5°,  for  H2SO42H2O  -70°,  for 
H2SO44H2O  —40°,  &c.)  it  should  be  remarked  that  they  offer  some  quite  improbable 
data;  for  example,  forH^S0475HoO  they  give  the  freezing  point  as  0°,  for  H2SO48OOH2O 
+  4°'5,  and  even  for  H2SO4l000H.^O  +  0°'5,  although  it  is  well  known  that  a  small  amount 
of  sulphuric  acid  lowers  the  temperature  of  the  formation  of  ice.  I  have  found  by  direct 
■experiment  that  a  frozen  solidified  solution  of  H0SO4  +  30OH2O  melted  completely  at  0°. 
VOL.  II.  R 
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sided  prisms,  which  form  above  0° — namely,  at  about  +8° -5  ;  when 
heated  to  210°  it  loses  water."  If  the  hydrates  H2SO4  and  H.>S<')4,H20' 
exist  at  low  temperatures  as  definite  crystalline  compounds,  and  if 
pyrosulphuric  acid,  H2SC)4>S03,  has  the  same  property,  and  if  they  all 
decompose  with  more  or  less  ease  on  a  rise  of  temperature,  with  the 
disengagement  of  either  SO3  or  H2O,  and  in  their  ordinary  form 
present  all  the  properties  of  simple  solutions,  it  follows  that  between 
sulphuric  anhydride,  SO3,  and  water,  H2O,  there  exists  a  con- 
secutive series  of  homogeneous  liquids  or  solutions,  among  which  we 
must  distinguish  definite  comjMinids,  and  therefore  it  is  quite  justifiable 
to  look  for  other  definite  compounds  between  SO3  and  H2O,  beyond  the 
conditions  for  a  change  of  state.  In  this  respect  we  may  be  guided  by 
the  variation  of  properties  of  any  kind,  proceeding  concurrently  with  a 
variation  in  the  composition  of  a  solution. 

But  only  a  few  properties  have  been  determined  with  sufficient 
accuracy.  In  those  properties  which  have  been  determined  for  many 
solutions  of  sulphuric  acid,  it  is  actually  seen  that  the  above-mentioned 
definite  compounds  are  distinguished  by  distinctive  marks  of  change. 
As  an  example  we  may  cite  the  variation  of  the  specific  gravity  with  a 
variation  of  temperature  (namely  'K  =  ds/dt,  if  .s  be  the  sp.  gr.  and  t  the 
temperature).  For  the  normal  hydrate,  H2SO4,  this  factor  is  easily 
determined  from  the  fact  that — 

s=18528— 10-65i!-f0-013i!2, 

where  s  is  the  specific  gravity  at  t  (degrees  Celsius)  if  the  sp.  gr.  of 
water  at  4°=10,000.  Therefore  K=10-6.5— 0-026<.  This  means  that 
at  0°  the  sp.  gr.  of  the  acid  H2SO4  decreases  by  10'65  for  every  rise  of 
a  degree  of  temperature,  at  10°  by  10-39,  at  20°  by  10'13,  at  30°  by 
9'87.''^  And  for  solutions  containing  slightly  more  anhydride  than 
the  acid  H2SO4  (i.e.  for  fuming  sulphuric  acid),  as  well  as  for  solutions 
containing  more  water,  K  is  greater  than  for  the  acid  H2SO4.  Thus  for 
the  solution  S03,2H2S04,  at  10°  K:=11-0.     On  diluting  the  acid  HjSO^ 

51  With  an  excess  of  s^ow,  the  hydrate  HjSOijHoO,  like  the  normal  hydrate,  gives  a 
freezing  mixtui'e,  owing  to  the  ahsorption  of  a  large  amount  of  heat  (the  latent  heat 
of  fusion).  In  melting,  the  molecule  HoSOj  absorbs  960  heat  units,  and  the  molecule 
HoSOjH.,0  3,680  heat  units.  If  therefore  we  mix  one  gram  molecule  of  this  hydrate 
with  seventeen  gram  molecules  of  snow,  there  is  an  absoi-ption  of  18,080  heat  units, 
because  17HoO  absorbs  17  x  1,430  heat  units,  and  the  combination  of  the  monohydrate 
with  water  evolves  9,800  heat  units.  As  the  specific  heat  of  the  resultant  compound 
H,SO.|,18H20  =  0-813,  the  fall  of  temperature  will  be  =  62°-6.  And,  in  fact,  a  very 
low  temperature  may  be  obtained  by  means  of  sulphuric  acid. 

52  For  example,  if  it  be  taken  that  at  19'"  the  sp.  gr.  of  pure  sulphuric  acid  is  1'8330, 
then  at  2(1°  it  is  1-8330- (20- 19)10-13=-  VKSiU. 
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K  again  increases  until  the  formation  of  the  solution  I-I2SO41H2O 
(K=ll'l  at  10°),  and  then,  on  further  dilution  with  water,  it  again 
decreases.  Consequently  both  hydrates  H2SO4  and  H.jSO,4,H20  are 
here  expressed  by  an  alteration  of  the  magnitude  of  K. 

This  shows  that  in  liquid  solutions  it  is  possible  by  studying  the 


Fig.  89. — Diagram  sliowiug  the  variation  of  the  factor  (ds/dp)  of  the  specific  gravity  of  solutions  of 
sulphuric  acid.  The  percentage  quantities  of  the  acid,  HaSO^,  are  laid  out  on  the  axes  of  abscissa. 
The  orrlinates  .".re  the  factors  or  rises  in  sp.  gr.  (water  at  4  =  10,000)  with  the  increase  in  the 
quantity  of  HjSO,. 

variation  of  their  properties  (without  a  change  of  physical  state)  to 
recognise  the  presence  or  formation  of  definite  hydrate  compounds, 
and  therefore  an  exact  investigation  of  the  properties  of  solutions,  of 
their  specific  gravity  for  instance,  should  give  direct  indications  of  such 
compounds.''^     The  mean  result  of  the  most  trustworthy  determinations 


»'  Unfortunately,  notwithstanding  the  great  number  of  fragmentary  and  systematic 
researches  which  have  been  made  (by  Parks,  Ure,  Bineau,  Kolbe,  Lunge,  Marignac, 
Kremers,  Thomsen,  Perkin,  and  others)  for  determining  the  relation  between  the  sp.  gr. 
and  composition  of  solutions  of  suliihuric  acid,  they  contain  discrepancies  which  amount 
to,  and  even  exceed,  0-002  in  the  sp.  gr.  For  instance,  at  15°'4  the  solution  of  composi- 
tion  H.2SO48H2O  has  a  sp.  gr,  1\;4;I3  according  to  Perkin  (1886),  1-5501    according  to 

R  2 
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of  this  nature  is  given  in  the  following  tables.  The  first  of  these  tables 
gives  the  specific  gravities  (in  vacuo,  taking  the  sp.  gr.  of  water  at 
4°=1),  at  0°  (column  3),  15°  (column  4),  and  30°  (column  5),53bis  f,,,. 
solutions  having  the  composition  H^,S04  +  );H2(3  (the  value  of  n  is 
given  in  the  first  column),  and  containing  ji  (column  2)  per  cent,  (by 


ill  vacuo) 

i  of  H.SOj. 

:ff,  tri 

It, 

p 

0^ 

1.5° 

30° 

100 

5-16 

1-0374 

1-0341 

1-0292 

50 

9-82 

1-0717 

1-0666 

1-0603 

25 

17-88 

1-1337 

1-1257 

1-1173 

15 

26-63 

1-2040 

1-1939 

1-1837 

10 

35-25 

1-2758 

1-2649 

1-2540 

8 

40-50 

1-3223 

1-3110 

1-2998 

6 

47-57 

1-3865 

1-3748 

1-3622 

5 

52-13 

1-4301 

1-4180 

1-4062 

4 

57-65 

1-4881 

1-4755 

1-4631 

3 

64-47 

1-5635 

1-5501 

1-5370 

o 

73-13 

1-6648 

1-6500 

1-6359 

1 

84-48 

1-7940 

1-7772 

1-7608 

0-5 

91-59 

1-8445 

1-8284 

1-8128 

,S0, 

100 

1-8529 

1-8372 

1-8221 

Pickering  (1890),  and  1"5525  according  to  Lunge  (1890).  The  cause  of  these  dis- 
crepancies must  be  looked  for  in  the  methods  employed  for  determining  the  composition 
of  the  solutions — i.e.  in  the  inaccuracy  with  which  the  percentage  amount  of  H2SO4  is 
determined,  for  a  difference  of  1  p.c.  corresponds  to  a  difference  of  from  0"0070  (for  V617 
weak  solutions)  to  O'OllS  (for  a  solution  containing  about  7^  p,c.)  in  the  specific  gravity  (that 
is  the  factor  ds'dp)  at  15°.  As  it  is  possible  to  determine  the  specific  gravity  with  an 
accuracy  even  exceeding  0*0002,  the  si^ecific  gravities  given  in  the  adjoining  tables  ai'e 
only  averages  and  most  probable  data  in  which  the  error,  especially  for  the  30 — 80  p.c. 
solutions  cannot  be  less  than  O'OOIO  (taking  water  at  4°  as  1). 

55  bis  J-udging  from  the  best  existing  determinations  (of  Marignac,  Kremers,  and 
Pickering)  for  solutions  of  sulphuric  acid  (especially  those  containing  more  than  5  p.c. 
H^SO.i)  within  the  limits  of  0°  and  30°  (and  even  to  40°),  the  variation  of  the  sp.  gr.  with 
the  temperature  t  may  (within  the  accuracy  of  the  existing  determinations)  be  perfectly 
expressed  by  the  equation  S/  =  So  + A^  +  Bf-.  It  niust.be  added  that,(l)  tlu-ee  specific 
gravities  fully  determine  the  variation  of  the  density  with  f\  (2)  dsldt  =  A  +  'i3t — i.e.  the 
factor  of  the  temperature  is  expressed  by  a  straight  line ;  (3)  the  value  of  A  (if  j^  ^^ 
greater  than  5  p.c.)  is  negative,  and  numerically  much  greater  than  B ;  (4)  the  value  of 
B  for  dilute  solutions  containing  less  than  25  p.c.  is  negatiye ;  for  solutions  api^roximating 
to  H.7SO43H.2O  in  their  composition  it  is  equal  to  0,  and  for  solutions  of  greater  con- 
centration B  is  positive  ;  (5)  the  factor  dsldp  for  all  temperatures  attains  a  maxirnum 
value  about  H.iSO.,H.jO  ;  (6)  on  dividing  dsjdt  by  Sa,  and  so  obtaining  the  coefficient  of 
expansion  h  [see  Note  53),  a  minimum  is  obtained  near  H^SO.^  and  H2SO.(4H.)0,  and  a 
maxinuim  at  H2SO_iH20  for  all  temperatures. 

55  tri  These  data  (as  well  as  those  in  the  following  table)  have  been  recalculated  by 
me  chiefly  upon  the  basis  of  Kremer's,  Pickering's,  Perkin's,  and  my  own  determinations ; 
all  the  requisite  corrections  have  been  introduced,  and  I  have  reason  for  thinking  that 
in  each  of  them  the  probable  error  (or  difference  from  the  true  figures,  now  unknown)  of 
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In  the  second  table  the  first  column  gives  the  percentage  amount  ji 
(by  weight)  of  H2SO4,  the  second  column  the  weight  in  grams  (Su) 
of  a  litre  of  the  solution  at  15°  (at  4°  the  weight  of  a  litre  of  water 
=  1,000  grams),  the  third  column,  the  variation  (dS/dt)  of  this  weight  for 
a  rise  of  1°,  the  fourth  column,  the  variation  dH/i/p  of  this  weight  (at 
15°)  for  a  rise  of  1  per  cent,  of  HjSO^,  the  fifth  column,  the  difference 
between  the  weight  of  a  litre  at  0°  and  15°  (So  —  Sij),  and  the  sixth 
column,  the  difference  between  the  weight  of  a  litre  at  lo°  and  30° 
(«i5- 


-830)- 

1' 

Si5 

clSirJdt 

ilSt.'dp 

^0  —  *5'i5 

«,.-•?: 

0 

999-15 

0-148 

7-0 

0-7 

3-4 

5 

1033-0 

0-27 

6-8 

3-1 

5-0 

10 

1067-7 

0-38 

7-1 

5-2 

6-4 

20 

1141-9 

0-58 

7-7 

8-6 

8-9 

30 

1221-3 

0-69 

8-2 

10-4 

10-4 

40 

1306-6 

0-75 

8-8 

11-3 

11-2 

50 

1397-9 

0-79 

9-9 

11-9 

11-8 

60 

1501-2 

0-86 

10-8 

13-0 

12-7 

70 

1613-1 

0-93 

11-6 

14-1 

13-S 

80 

1731-4 

1-04 

11-0 

15-8 

15-4 

90 

1819-9 

1-08 

5-4 

16-4 

16-0 

95 

1837-6 

1-03 

+  1-7 

15-8 

15-1 

100 

1837-2 

1-03 

-l-9'< 

15-7 

15-1 

The  figures  in  these  tables  give  the  means  of  finding  the  amount 
of  H2SO4  contained  in  a  solution  from  its  specific  gravity,^'"'  and  also 
show  that  '  special  points '  in  the  lines  of  variation  of  the  specific  gravity 
with  the  temperature  and  percentage  composition  correspond  to  certain 
definite  compounds  of  H2SO4  with  OH^.  This  is  best  seen  in  the 
variation  of  the  factors  {dS,'dt  and  dS/dp)  with  the  temperature  and 

the  specific  gravity  does  not  exceed  ±0-0007  (if  water  at  4^  =  1)  for  the  25 — 80  p.c.  solu- 
tions, and  ±0*0002  for  the  more  dilute  or  concentrated  solutions. 

^■*  The  factor  d^ldp  passes  through  0,  that  is,  the  specific  gravity  attains  a  maximum 
value  at  about  98  p.c.  This  was  discovered  by  Kohlrausch,  and  confirmed  by  Chertel 
Pickering,  and  others. 

5^  Naturally  under  the  condition  that  there  is  no  other  ingredient  besides  water, 
which  is  sufiioiently  true.  For  commercial  acid,  whose  specific  gravity  is  usually  expressed 
in  degrees  of  Baume's  hydrometer,  we  may  add  tlrat  at  15° 

Specific  gravity        1       I'l       12        1-3         Vi        1-5         r6         VI        1-8 
Degree  Baume         0       18       24       SS'S       41-2      48-1       54-1       59-5       (i4-2 

(>G°  Baume  (the  strongest  commercial  acid  or  oil  of  vitriol)  corresponds  to  a  sp.  gr.  1'84. 

By  employing  the  second  table  (by  the  method  of  interpolation)  the  specific  gravity, 
lit  a  given  temperature  (from  0°  to  30°)  can  be  found  for  any  percentage  amount  of 
H.iSO  ,  and  therefore  conversely  the  percentage  of  H0SO4  can  be  found  from  the  specific 
gravity. 
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composition  (columns  3,  4,  second  table).  We  have  already  mentioned 
how  the  factor  of  temperature  points  to  the  existence  of  hydrates, 
H^SOj  and  H.,!S(  )jH,,0.  As  regards  the  factor  <!i>  'Ij>  (giving  the 
increase  of  sp.  gr.  with  an  increase  of  1  per  cent.  H.^  ^-i  'j)  the  following- 
are  the  three  most  salient  points  :  (1)  In  passing  from  9S  per  cent,  to 
100  per  cent,  the  factor  is  negative,  and  at  100  per  cent,  about  —  0'0019 
{i.e.  at  99  per  cent,  the  sp.  gr.  is  about  1'8391,  and  at  100  per  cent, 
about  1'8372,  at  1-")°,  the  amount  of  H,_,8<  )j  has  increased  whilst  the 
sp.  gr.  has  decreased),  but  as  soon  as  a  certain  amount  of  SC).,  is 
added  to  the  definite  compound  HoSO^  (and  'fuming'  acid  formed) 
the  specific  gravity  rises  (for  example,  for  H,_,8( ),  O'loG  S( ),  the  sp.  gr. 
at  l-i"  =  l-8(36),  that  is  the  factor  becomes  positive  (and,  in  fact,  greater 
by  -l-O-Ol),  so  that  the  formation  of  the  definite  hydrate  HjSO.,  is 
accompanied  by  a  distinct  and  considerable  break  in  the  continuity 
of  the  factor  ''■'''"'^ ;  (2)  The  factor  (r/S  d/i)  in  increasing  in  its  passage 
from  dilute  to  concentrated  solutions,  attains  a  maximum  value  (at  15° 
about  0'012)  about  H5!SU42H.,(),  i.e.  at  about  the  hydrate  corresponding 
to  the  form  SX,;  proper  to  the  compounds  of  sulphur,  for  S(OH)|, 
=  H.,SOj2H.,C) ;  the  same  hydrate  corresponds  to  the  composition  of 
gypsum  CaSO.|2H20,  and  to  it  also  corresponds  the  greatest  contraction 
and  rise  of  temperature  in  mixing  H^Si  )j  with  H.,0  (see  Chapter  I., 
Xote  28) ;  (3)  The  variation  of  the  factor  {'l^^'dj')  under  certain  varia- 
tions in  the  composition  proceeds  so  uniformly  and  regularly,  and  is  so 
different  from  the  variation  given  under  other  proportions  of  HjSOj  and 
a  J),  that  the  sum  of  the  variations  of  r/S/rf/j  is  expressed  by  a  series 
of  straight  lines,  if  the  values  of  j>  be  laid  along  the  axis  of  abscissa? 
and  those  of  JS/o(p  along  the  ordinates. '"    Thus,  for  instance,  for  15°,  at 

o5  bis  ■\Vhetliei'  similfli-  (even  small)  breaks  in  the  continuity  i.if  the  factor  (?.b'  djt 
exist  or  not,  for  otlier  liydi-ates  (for  instance,  for  HjSOjHoO  and  HjS(_),iH._>0)  cannot  as 
yet  be  affirmed  owing  to  the  want  of  accurate  data  (Note  .">o^.  In  my  investigation  of 
this  subject  1  INST)  I  admit  their  possibility,  but  only  conditionally;  and  now,  without 
insisting  upon  a  similar  opinion,  I  only  hold  to  the  existence  of  a  distinct  break  in  the 
factor  at  H.jSO_|,  being  guided  by  C.  Winkler's  observations  on  the  sjiecific  gravities  of 
fmning  sulphuric  acid. 

^*'  In  1887,  on  considering  all  the  existent  observations  for  a  temperature  0°,  I  gave 
the  accompanying  scheme  (p.  'H'd}  of  the  variation  of  the  factor  ds  dp  at  0°. 

I  did  not  then  (18S7)  give  this  scheme  an  absolute  value,  and  now  after  the  appearance 
of  two  series  of  new  determinations  (Lunge  and  Pickering  in  lyixii,  which  disagi-ee  in 
many  points,  I  think  it  well  to  state  quite  clearly  :  (1)  that  Lunge's  and  Pickering's  new 
determinations  have  uot  added  to  the  accuracy  of  our  data  respecting  the  variation  of 
the  specific  gravity  of  solutions  of  sulphuric  acid  ;  (2)  that  the  sum  total  of  existing  data 
does  not  negative  {within  the  limit  of  experimental  accuracy)  the  possibility  of  a  rectilinear 
and  brokeu  form  for  the  factors  ds',dp\  (3)  that  the  supposition  of  'special  points' in 
ds'dpi  indicating  defiuite  hydrates,  finds  confirmation  in  all  the  latest  determinations; 
(4)  that  the  supposition  respecting  the  existence  of  hydrates  dcteiuiining  a  break  of 
the  factor  ds  'dp  is  in  no  way  altered  if,  instead  of  a  series  of  broken  straight  lines,  there 
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10  per  cent.  <Ii^/dp=0-007l,  at  20  per  cent.  =0-0077,  at  30  per  cent. 
=:  0-0082,  at  40  per  cent.  =0-0088,  that  is,  for  each  10  per  cent,  the 
factor  increases  by  about  0*0006  for  the  whole  of  the  above  ra7ige,  but 
beyond  this  it  becomes  larger,  and  then,  after  passing  H2SO42H.O, 
it  begins  to  fall  rapidly.  Such  changes  in  the  variation  of  the  factor 
take  place  apparently  about  definite  hydrates, '''^^'^  and  especially 
iibout  H,>S044H20,  K.jH()i-2B.20  and  HoSO.,H20.  All  this  indicating 
as  it  does  the  special  chemical  affinity  of  sulphuric  acid  for  water, 
although  of  no  small  significance  for  comprehending  the  nature  of  solu- 
tions (see  Chapter  I.  and  Chapter  VII.),  contains  many  special  points 
which  require  detailed  investigation,  the  chief  difficulty  being  that  it 
requires  great  accuracy  in  a  large  number  of  experimental  data. 

The  great  affinity  of    sulphuric  acid  for  water  is  also  seen   from 

l3e  a  continuous  series  of  curves,  nearly  approacliing  straight  lines ;  unci  (5)  that  this 
subject  deserves  (as  I  mentioned  in  1887)  new  and  careful  elaboration,  because  i-t  concerns 
that  foremost  problem  in  our  science — solutions — and  introduces  a  special  method  into  it 
— that  is,  the  study  of  differential  variations  in  a  property  which  is  so  easily  observed 
as  the  specific  giuvity  of  a  liquid. 

36  Ms  These  hydrates  are:  (a)  H.SO_i  =  S05HoO  (melts  at  +10^-4);  [b]  H.SOiHaO 
=  S052H20  (crystallo-hydrate,  melts  at  +8°-5);  (c)  H2SO.12H0O  (is  apparently  not 
oi^stallisable) ;  {d)  one  of  the  hydrates  between  HjSO.iBHqO  and  HoSO  [SHsO,  most 
probably  H2S044H.iO  =  8055H20,  for  it  crystallises  at  —  tZi^'S  (Note  50  bis);  and  (e)  a 
certain  hydrate  with  a  large  ^Droportion  of  water,  about  H^SOjlSOHoO.  The  existence 
■of  the  last  is  inferred  from  the  fact  that  the  factor  dslilp  first  fiills,  starting  from  water,  and 
then  rises,  and  this  change  takes  place  when  jj  is  less  than  5  p.c.  Certainly  a  change  in  the 
variation  of  ihjd^J  or  dsldt  does  take  place  in  the  neighbourhood  of  these  five  hydrates 
{Pickering,  1890,  recognised  a  far  greater  number  of  hydrates).  I  think  it  well  to  add 
that  if  the  composition  of  the  solutions  be  expressed  by  the  percentage  amount  of 
molecules— 7-,SO.-  +  (100-7-i)H2p  we  find  that  for  H.^SO,,  /■,  =  50,  for  HjS0^2HoO  r^ 
=  25  =  50,2,  forH, SO  1H2O,  ri  =  33-333  =  50-f,  while  for  HiS0|4H.,0,  ri  =  16-606=  50"  ^i.e. 
that  the  cluef  hydrates  are  distributed  symmetrically  between  HoO  and  H.^SOj.  Besides 
which  I  may  mention  that  my  researches  (1887)  upon  the  abrupt  changes  in  the  factor 
for  solutions  of  sulphuric  acid,  and  upon  the  correspondence  of  the  breaks  of  ds'dp  with 
definite  hydrates,  received  an  indirect  confirmation  not  only  in  the  solutions  of  HNO5, 
HCl,  C'jHijO,  C^HgO,  L^'c,  which  I  investigated  (in  my  work  cited  in  Chapter  I.,  Note  19), 
hut  also  in  the  careful  observations  made  by  Professor  Cheltzoff  on  the  solutions  of  FeCl^ 
and  ZnClo  (Chapter  XA^.,  Note  4)  which  showed  the  existence  in  these  solutions  of 
an  almost  similar  change  in  ds/djp  as  is  found  in  sulphuric  acid.  The  detailed  researches 
(1893)  made  by  Tourbaba  on  the  solutions  of  many  organic  substances  are  of  a  similar 
nature.  Besides  which,  H.  Crompton  (1888),  in  his  researches  on  the  electrical  con- 
ductivity of  solutions  of  sulphiu'ic  acid,  and  Tammann,  in  his  observations  on  their 
vapour  tension,  found  a  correlation  with  the  hydrates  indicated  as  above  by  the  in- 
vestigation of  their  specific  gravities.  The  influence  of  mixtures  of  a  definite  composition 
upon  the  chemical  relations  of  solutions  is  even  exhibited  in  such  a  complex  process  as 
electrolysis.  V.  Kouriloff  (1891)  showed  that  mixtures  containing  about  3  p.c,  47  p.c. 
and  73  p.c.  of  sulphuric  acid^/.p.  whose  composition  approaches  that  of  the  hydrates 
H2SO4I5OH2O,  H2SO46H2O  and  H2SO42H.3O — exhibit  certain  peculiarities  in  respect  to 
the  amount  of  peroxide  of  hydrogen  formed  during  electrolysis.  Thus  a  3  p.c.  solution 
gives  a  maximum  amount  of  peroxide  of  hydrogen  at  the  negative  pole,  as  compared  with 
that  given  by  other  neighbouring  concentrations.  Starting  from  3  p.c,  the  formation  of 
peroxide  of  hydrogen  ceases  until  a  concentration  of  47  p.c.  is  reached. 
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the  fact  that  when  the  strong  acid  acts  oii  the  majority  of  organic 
substances  containing  hydrogen  and  oxygen  (especially  on  heating)  it 
very  frequently  takes  up  these  elements  in  the  form  of  irater.  Thus 
strong  sulphuric  acid  acting  on  alcohol,  CjH,/^,  removes  the  elements 
of  water  from  it,  and  converts  it  into  olefiant  gas,  CjH,,.  It  acts  in  a 
similar  manner  on  wood  and  other  vegetable  tissues,  which  it  chars. 
If  a  piece  of  wood  be  immersed  in  strong  sulphuric  acid  it  turns  black. 
This  is  O'wing  to  the  fact  that  the  wood  contains  carbohydrates  which 
give  up  hydi'ogen  and  oxygen  as  water  to  the  sulphuric  acid,  leaving 
charcoal,  or  a  black  mass  very  rich  in  it.  For  example,  cellulose, 
CgHjoO.,,  acts  in  this  manner.''" 

We  ha^e  already  had  frequent  occasion  to  notice  the  very 
energetic  acid  properties  of  sulphuric  acid,  and  therefore  we  will  now 
only  consider  a  few  of  their  aspects.  First  of  all  we  must  remember 
that,  with  calcium,  strontium,  and  especially  with  barium  and  lead, 
sulphuric  acid  forms  very  slightly  soluble  salts,  whilst  with  the 
majority  of  other  metals  it  gives  more  easily  soluble  salts,  which  in  the 
majority  of  cases  are  able,  like  sulphuric  acid  itself,  to  combine  with 
water  to  form  orystallo-hydrates.  Normal  sulphuric  acid,  containing 
two  atoms  of  hydrogen  in  its  molecule,  is  able  for  this  reason  alone 
to  form  two  classes  of  salts,  normal  and  acid,  which  it  does  with  great 
facility  tvitJi  tlie  alkali  laetids.  The  metals  of  the  alkaline  earths 
and  the  majority  of  other  metals,  if  they  do  form  acid  sulphates,  do  so 
under  exceptional  conditions  (with  an  excess  of  strong  sulphuric  acid), 
and  these  salts  when  formed  are  decomposable  by  water — that  is, 
although  having  a  certain  degree  of  physical  stability  they  have  no 
chemical  stability.  Besides  the  acid  salts  RHSO,,  sulphuric  acid  also 
gives  other  forms  of  acid  salts.  An  entire  series  of  salts  having  the 
composition  RHS04,H2S04,  or  for  bivalent  metals  RSO^jSHjSOj,''' 
has  been  prepared.  Such  salts  have  been  obtained  for  potassium, 
sodium,  nickel,  calcium,  silver,  magnesium,  manganese.     They  are  pre- 

^^  Cellulose,  for  instance  unsized  iiaper  or  calico,  is  dissolved  by  strong  sulphuric 
acid.  Acid  diluted  with  about  half  its  volume  of  water  converts  it  (if  the  action  be  of 
short  duration)  into  vegetable  parchment  (Chapter  I.,  Note  18).  The  action  of  dilute 
solutions  of  siJphuric  acid  converts  it  into  hydro-cellulose,  and  the  fibre  loses  its  coherent 
quality  and  becomes  brittle.  The  prolonged  action  of  strong  sulphuric  acid  chars  the 
cellulose  while  dihite  acid  converts  it  into  glucose.  If  sulphui'ic  acid  be  kept  in  an  open 
vessel,  the  organic  matter  of  the  dust  held  in  the  atmosphere  falls  into  it  and  blackens  the 
acid.  The  same  thing  happens  if  sulphuric  acid  be  kept  in  a  bottle  closed  by  a  cork ;  the 
cork  becomes  charred,  and  the  acid  turns  black.  However,  the  chemical  properties  of 
the  acid  undergo  only  a  very  slight  change  when  it  turns  black.  Sulphuric  acid  which  is 
considerably  diluted  with  water  does  not  produce  the  above  effects,  which  clearly  shows 
their  dependence  on  the  affinity  of  the  sulphuric  acid  for  water.  It  is  evident  from  the 
preceding  that  strong  sulphuric  acid  will  act  as  a  powerful  poison  ;  whilst,  on  the  other 
hand,  when  very  dilute  it  is  employed  in  certain  medicines  and  as  a  fertiliser  for  plants. 
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pared  by  dissolving  the  sulphates  in  an  excess  of  sulphuric  acid  and 
heating  the  solution  until  the  excess  of  sulphuric  acid  is  driven  off ; 
on  cooling,  the  mass  solidifies  to  a  crystalline  salt.  Besides  which, 
Rose  obtained  a  salt  having  the  composition  Na2S04,NaHS04,  and  if 
HNaSOj  be  heated  it  easily  forms  a  salt  NajS-iO;  =  ISra,S04,S03  ; 
hence  it  is  clear  that  sulphuric  anhydride  combines  with  various  pro  ■ 
portions  of  bases,  just  as  it  combines  with  various  proportions  i>i 
water. 

We  have  already  learned  that  sulphuric  acid  displaces  the  acid  from 
the  salts  of  nitric,  carbonic,  and  many  other  volatile  acids.  BerthoUet's 
laws  (Chapter  X.)  explain  this  by  the  small  volatility  of  sulphuric 
acid  ;  and,  indeed,  in  an  aqueous  solution  sulphuric  acid  displaces  the 
much  less  soluble  boric  acid  from  its  compounds — for  instance,  from 
borax,  and  it  also  displaces  silica  from  its  compounds  with  bases  ;  but 
both  boric  anhydride  and  silica,  when  fused  with  sulphates,  decompose 
them,  displacing  sulphuric  anhydride,  SO3,  because  they  are  less 
volatile  than  sulphuric  anhydride.  It  is  also  well  known  that  with 
metals,  sulphuric  acid  forms  salts  giving  off  hydrogen  (Fe,  Zn,  &c.),  or 
sulphur  dioxide  (Cu,Hg,  &c.)/'^  ^^^ 

The  reactions  of  sulphuric  acid  -/ritlt  respect  to  organic  substances 
are  generally  determined  by  its  acid  character,  when  the  direct  ex- 
traction of  water,  or  oxidation  at  the  expense  of  the  oxygen  of  the 
sulphuric  acid,*"  or  disintegration  does  not  take  place.  Thus  the 
majority  of  the  saturated  hydrocarbons,  C„H2m,  form  with  sulphuric 
acid  a  special  class  of  sidphonic  acids,  C„H2„_i(HS03)  ;  for  example, 

'*  Weber  (1884)  obtained  a  series  of  salts  E,0,8S0,-.  nH^O  for  K,  Rb,  Cs,  and  Tl. 

58  bis  Ditte  (1890)  divides  all  the  metals  into  two  groups  with  respect  to  sulphuric 
acid  ;  the  first  group  includes  silver,  mercury,  coiijier,  lead,  and  bismuth,  which  are  only 
acted  upon  by  hot  concentrated  acid.  In  this  case  sulphurous  anhydride  is  evolved 
without  any  bye-reactions.  The  second  group  contains  manganese,  nickel,  cobalt,  iron, 
zinc,  cadmium,  aluminium,  tin,  thallium,  and  the  alkali  metals.  They  react  with  sul- 
phuric acid  of  any  concentration  at  any  temi^erature.  At  a  low  temperature  hydrogen  ia 
disengaged,  and  at  higher  temperatures  (and  with  very  concentrated  acid)  hydrogen  and 
sulphurous  anhydride  are  simultaneously  evolved. 

^  For  example,  the  action  of  hot  sulphuric  acid  on  nitrogenous  compounds,  as 
applied  in  Kjeldahl's  method  for  the  estimation  of  nitrogen  {Volume  I.  p.  249).  It  is 
obvious  that  when  sulphuric  acid  acts  as  an  oxidising  agent  it  forms  sulphurous  anhydride. 

The  action  of  sulphuric  acid  on  the  alcohols  is  exactly  similar  to  its  action  on 
alkalis,  because  the  alcohols,  like  alkalis,  react  on  acids ;  a  molecule  of  alcohol  with  1^ 
molecule  of  sulphuric  acid  separates  water  and  forms  an  acid  ethereal  salt — that  is 
there  is  produced  an  ethereal  compound  corresponding  with  acid  salts.  Thus,  fur 
example,  the  action  of  sulphuric  acid,  H2SO4,  on  ordinary  alcohol,  C2H5OH,  gives  water 
and  sulphovinic  acid,  C2H5HSO4 — that  is,  sulphuric  acid  in  which  one  atom  of  hydrogen 
is  replaced  by  the  radicle  C2H5  of  ethyl  alcohol,  S02(OH)(OC2H5),  or,  what  is  the  same 
thing,  the  hydrogen  in  alcohol  is  replaced  by  the  radicle  (sulphoxyl)  of  sulphuric  acid, 
CjH50-S0,(0H). 
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benzene,  Ci;Hf„  forms  benzeuesulphonic  acid,  CdH-.'SO;,!!,  water  being 
separated,  for  the  formation  of  which  oxygen  is  taken  up  from  the 
sulphuric  acid,  for  the  product  contains  less  oxygen  than  the  sulphuric 
acid.  It  is  evident  from  the  existence  of  these  acids  that  tlie  hydrogen  in 
organic  comp(5unds  is  replaceable  by  the  group  S<  )3H,  just  as  it  may  be 
replaced  by  the  radicles  CI,  NO2,  CO^H  and  others.  As  the  radicle 
of  sulphuric  acid  or  snJpho.cyl,  8(,)oOH  or  SHO3,  contains,  like  carboxyl 
(Vol.  I.,  p.  395),  one  hydrogen  (hydroxyl)  of  sulphuric  acid,  the 
resultant  substances  are  acids  whose  basicity  is  equal  to  the  number 
of  hydrogens  replaced  by  sulphoxyl.  Since  also  sulphoxyl  takes  the 
place  of  hydrcjgen,  and  itself  contains  hydrogen,  the  sulpho-acids  are 
equal  to  a  hydrocarbon  +  SO3,  just  as  every  organic  (carboxylic)  acid 
is  equal  to  a  hydrocarbon  +  OO^-  Moreover,  here  this  relation  corre- 
sponds with  actual  fact,  because  many  sulphonic  acids  are  obtained 
by  the  direct  combination  nf  sulphuric  anhydride  :  C„Hj(S03H) 
=  CgH,;  -t-  SO3.  The  sulphonic  acids  give  soluble  barium  salts,  and 
are  therefore  easily  distinguished  from  sulphuric  acid.  They  are 
soluble  in  water,  are  not  volatile,  and  when  distilled  give  sulphurous 
anhydride  (whilst  the  hydroxyl  previously  in  combination  with  the 
sulphurous  anhydride  remains  in  the  hydrocarbon  group  ;  thus  phenol, 
C,,H5-0H,  is  obtained  from  benzenesulphonic  acid),  and  they  are  very 
energetic,  because  the  hydrogen  acting  in  them  is  of  the  same  nature  as 
in  sulphuric  acid  itself.''" 

Sulphuric  acid,  as  containing  a  large  proportion  of   oxygen,  is  a 

0.0  Yfg  „ii]  niention  the  following  clirterence  between  the  sulphonic  acids  and  the 
ethereal  acid  sulphates  (Note  511)  :  the  former  re-form  sulphuric  acid  with  difficulty  and 
the  latter  easily.  Thus  sulphovinic  acid  when  heated  with  an  excess  of  water  is  recon- 
verted into  alcohol  and  sulphuric  acid.  This  is  explained  in  the  following  manner.  Both 
these  classes  of  acids  are  produced  by  the  substitution  of  hydrogen  by  SO.^H,  or  the 
univalent  radicle  of  sulphuric  acid,  but  in  the  formation  of  ethereal  acid  sulphates  the 
SO3H  replaces  the  hydrogen  of  the  hydroxyl  in  the  alcohol,  whilst  in  the  formation  of 
the  sulphonic  acids  the  SO3H  replaces  the  hydrogen  of  a  hydrocarbon.  This  difference 
is  clearly  evidenced  in  the  ekistence  of  two  acids  of  the  composition  SO4C.JH1;.  The  one, 
mentioned  above,  is  sulphovinic  acid  or  alcohol,  C.Hj'OH,  in  which  the  hydrogen  of  the 
hydroxyl  is  replaced  by  sulphoxyl  =  CjHj-OSO^H,  whilst  the  other  is  alcohol,  in  which 
one  atom  of  the  hydrogen  in  ethyl,  C.Hj,  is  replaced  by  the  sulphonic  group — that  is 
=  (C2H4)S05H-OH.  The  latter  is  called  isethionic  acid.  It  is  more  stable  than  sulpho- 
vinic acid.  The  details  as  to  these  interesting  compounds  must  be  looked  for  in  works  on 
organic  chemistry,  but  I  think  it  necessary  to  note  one  of  the  general  methods  of  formation 
of  these  acids.  The  sulphites  of  the  alkalis — for  example,  K^SOj — when  heated  with  the 
halogen  products  of  metalepsis,  give  a  halogen  salt  and  a  salt  of  a  sulphonic  acid.  Thus 
methyl  iodide,  CH5I,  derived  from  marsh  gas,  CHj,  when  heated  to  100°  with  a  solution 
of  potassium  sulphite,  K0SO5,  gives  potassium  iodide,  KI,  and  potassium  methylsul- 
jihonate,  CH58O5K — that  is  a  salt  of  the  sulphonic  acid.  This  shows  that  the  sulphonic 
acid  may  be  referred  to  sulphurous  acid,  and  that  there  is  a  resemblance  between  sul- 
phuric and  sulphurous  acid,  which  clearly  reveals  itself  here  in  the  formation  of  one 
product  from  them  both. 
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substance  which  frequently  acts  as  an  ( ixidising  agent  :  in  which  case 
it  is  deoxidised,  forming  stdijliiirotis  anhydride  and  water  (or  even, 
although  more  rarely,  sulphuretted  hydrogen  and  sulphur).  Sulphuric 
acid  acts  in  this  manner  on  charcoal,  copper,  mercury,  silvei',  organic 
and  other  substances,  which  are  unable  to  evolve  hydrogen  from  it 
directly,  as  we  saw  in  describing  sulphurous  anhydride. 

Although  the  hydrate  of  a  higher  saline  form  of  oxidation  (Chapter 
XV.),  sulphuric  anhydride  is  capable  of  further  oxidation,  and  forms  a 
kind  of  peroxide,  just  as  hydrogen  gives  hydrogen  peroxide  in  addition 
to  water,  or  as  sodium  and  potassium,  besides  the  oxides  Na.^O  and 
K.^O,  give  their  peroxides,  compounds  which  are  in  a  chemical  sense 
unstable,  powerfully  oxidising,  and  not  directly  able  to  enter  into  saline 
combinations.  If  the  oxides  of  potassium,  barium,  etc.,  be  compared 
to  water,  tiien  their  peroxides  must  in  like  manner  correspond  to 
hydrogen  peroxide,^'  not  only  because  the  oxygen  contained  in  them 
is  very  mobile  and  easily  liberated,  and  because  their  reactions  are 
similar,  but  also  because  they  can  be  mutually  transformed  into  each 
other,  and  are  able  to  form  compounds  with  each  other,  with  bases 
and  with  water,  and  indeed  form  a  kind  of  peroxide  salts."^  This 
is  also  the  character  of  pemidphuric  acid,  discovered  in  1878  by 
Berthelot,  and  its  corresponding  anhydride  or  peroxide  of  sulphur  SjO,. 
It  is  formed  from  2SO3  -I-  O  with  the  absorption  of  heat  (  —  27 
thousand  heat  units),  like  ozone  from  O.2  +  O  (  —  29  thousand  units  of 
heat),  or  hydrogen  peroxide  from  HjO  +  O  (  —  21  thousand  heat  units). 

Peroxide  of  sulphur  is  produced  by  the  action  of  a  silent  discharge 
upon  a  mixture  of  oxygen  and  sulphurous  anhydride.*'''     Wich  water 

'"  The  reaction  BaO  +  0  develoijs  13,000  heat  units,  whilst  the  reaction  H-^O  +  0 
absorhs  21,000  heat  units. 

6'^  Schone  obtained  a  compound  of  peroxide  of  barium  with  peroxide  of  hydrogen.  If 
barium  peroxide  be  dissolved  in  hydrochloric  (or  acetic)  acid,  or  if  a  solution  of 
hydrogen  peroxide  be  diluted  with  a  solution  of  barium  hydi-oxide,  a  pure  hydrate  is  pre- 
cipitated having  the  composition  BaO^,8H.jO  {sometimes  the  composition  is  taken  as 
BaOj.BH.iO).  This  fact  was  already  known  to  Thenard.  Schijne  showed  that  if  hydrogen 
peroxide  be  in  excess,  a  crystalline  compound  of  the  two  peroxides,  BaOoHjO.j,  is  precipi- 
tated. Schone  also  obtained  small  well-formed  crystals  of  the  same  composition  by 
adding  a  solution  of  ammonia  to  an  acid  solution  of  barium  peroxide  (containing  a  barium 
salt  and  hydrogen  peroxide  or  a  compound  01  BaOs  with  the  acid).  Thus  barium 
peroxide  combines  with  both  water  and  hydrogen  peroxide.  This  is  a  very  important  fact 
for  the  comprehension  of  the  composition  of  other  peroxides.  Moreover,  if  the  peroxides 
are  able  to  give  hydrates  they  can  also  form  corresponding  salts,  i.e.  they  can  combine 
with  bases  and  acids,  as  was  afterwards  found  to  be  the  case  on  further  research  into  this 
subject. 

''^  Anhydrous  sulj)huric peroxide^  S2O7,  is  obtained  by  the  prolonged  (8  to  10  hours) 
action  of  a  silent  discharge  of  considerable  intensity  on  a  mixture  of  oxygen  and  sul- 
phurous anhydi-ide ;  the  vapour-  of  sulphuric  peroxide,  S2O7,  condenses  as  liquid  drops, 
or  after  being  cooled  to  .0°  in  the  form  of  long  prismatic  crystals,  resembling  those  of 
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S.jOj  gives  persulphuric  acid,  HjSgOj.  The  latter  is  obtained 
more  simply  by  mixing  strong  sulphuric  acid  (not  weaker  than 
HiSOji^H-jO)  directly  with  hydrogen  peroxide,  or  by  the  action  of  a 
galvanic  current  on  sulphuric  acid  mixed  with  a  certain  amount  of  water, 
and  cooled,  the  electrodes  being  platinum  wires,  when  persulphuric  acid 
naturally  appears  at  the  positive  pole.^^  When  an  acid  of  the  strength 
H2S04,6H.20  is  taken,  at  first  the  hydrate  of  the  sulphuric  per- 
oxide, SjOjjH^O,  only  is  formed  ;  but  when  the  concentration  about 
the  positive  pole  reaches  HjSOijSHjO,  a  mixture  of  hydrogen  peroxide 
and  the  hjdrate  of  sulphuric  peroxide  begins  to  be  formed.  Dilute 
solutions  of  sulphuric  peroxide  can  be  kept  better  than  more  con- 
centrated solutions,  but  the  latter  may  be  obtained  containing  as 
much  as  123  grams  of  the  peroxide  to  a  litre.  It  is  a  very  instructive 
fact  that  hydrogen  peroxide  is  always  formed  when  strong  solutions  of 
jjersulphuric  acid  break  up  on  keeping.  So  that  the  bond  between  the 
two  peroxides  is  established  both  by  analysis  and  synthesis  :  hydrogen 
peroxide  is  able  to  produce  S2H.20f„  and  the  latter  to  produce  hydrogen 
peroxide.  A  mixture  of  sulphuric  peroxide  with  sulphuric  acid  or 
water  is  immediately  decomposed,  with  the  evolution  of  oxygen,  either 
when  heated  or  under  the  action  of  spongy  platinum.     The  same  thing 

sulphuric  anhydride.  The  anhydrous  compound  S2O7  {and  also  the  hydrated  compound) 
cannot  be  preserved  long,  as  it  splits  up  into  oxygen  and  sulphuric  anhydride.  Direct 
experiment  shows  that  a  mixture  of  equal  volumes  of  sulphurous  anhydride  and  oxygen 
leaves  a  residue  of  a  quarter  of  the  oxygen  taken,  or  half  of  the  whole  volume,  which 
indicates  the  formula  i^  .O7.  This  substance  is  soluble  in  water,  and  it  then  gives  n 
hydrate,  probably  having  the  comxMsition  SoOjjHjO  =2SHOj.  This  solution  oxidises 
the  salts  SnX^,  potassium  iodide,  and  others,  which  renders  it  possible  to  prove  that  the 
solution  actually  contains  one  atom  of  oxygen  capable  of  effecting  oxidation  to  two  mole- 
cules of  sulphuric  anhydride. 

In  order  to  fully  demonstrate  the  reality  of  a  peroxide  form  for  acids,  it  should 
be  mentioned  that  some  years  ago  Brodie  obtained  the  so-called  acetic  lycroxide, 
(C.jHjOj.iOo,  by  the  action  of  barium  peroxide  on  acetic  anhydride,  (C..H;0)50.  Its 
corresponding  hydrate  is  also  known.  This  shows  that  true  peroxides  and  their 
hydrates,  with  reactions  similar  to  those  of  hydrogen  peroxide,  are  possible  for  acids. 
A  similar  higher  oxide  has  long  been  known  for  chromium,  and  Berthelot  obtained  a 
like  compound  for  nitric  acid  (Chapter  VI.,  Note  26). 

'■'1  When  an  acid  of  the  strength  HjSO.jBH.iO  is  taken,  at  first  only  the  hydrate  of 
the  sulphuric  peroxide,  S0O7II2O,  is  formed,  but  when  the  concentration  at  the  positive 
pole  reaches  HaSOjSH^O,  a  mixture  of  hydrogen  peroxide  and  the  hydrate  of  sulphuric 
peroxide  begins  to  be  formed.  A  state  of  equilibrium  is  ultimately  ai-rived  at  when 
the  amounts  of  these  substances  correspond  to  the  proportion  S.^Oy  :  2H2O2,  which, 
as  it  were,  answers  to  a  new  hydrate,  S.2092H„0.  But  its  existence  cannot  be  admitted 
because  the  sulphuric  peroxide  can  be  easily  distinguished  from  the  hydrogen  peroxide 
in  the  solution  owing  to  the  fact  that  the  former  does  not  act  on  an  acid  solution  of 
laotassium  permanganate,  whilst  the  hydrogen  peroxide  disengages  both  its  own  oxygen 
and  that  of  the  permanganic  acid,  converting  it  into  manganous  oxide.  Their  common 
liroperty  of  liberating  iodine  from  an  acid  solution  of  the  potassium  iodide  enables  the 
sum  of  the  active  oxygen  in  them  both  to  be  detennined. 
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takes  place  with  a  solution  o£  baryta,  although  at  first  no  precipitate  is 
formed  and  the  decomposition  of  the  barium  salt,  BaSgOy,  with  the  for- 
mation of  BaSC^^i,  only  proceeds  slowly,  so  that  the  solution  may  be 
filtered  (the  barium  salt  of  persulphuric  acid  is  soluble  in  Avater).  Mer- 
cui-y,  ferrous  oxide,  and  the  stannous  salts,  are  oxidised  by  SaH.^O^. 
These  are  all  distinct  signs  of  true  peroxides.  The  same  common  pro- 
perties (capacity  for  oxidising,  property  of  forming  peroxide  of  hydrogen, 
&c.)  are  possessed  by  the  alkali  salts  of  persulphuric  acid,  which  are 
obtained  by  the  action  of  an  electric  current  upon  certain  sulphates, 
for  instance  ammonium  or  potassium  sulphate.  The  ammonium  salt 
of  persulphuric  acid,  (NH4)2S_,(J,.i,  is  especially  easily  formed  by  this 
means,  and  is  now  prepared  on  a  large  scale  and  used  (like  Na^O.,  and 


^5  II  a  solution  of  sulphuric  acid  which  has  been  first  subjected  to  electrolysis  be 
neutralised  with  potash  or  baryta,  the  salt  which  is  formed  begins  to  decompose 
rapidly  with  the  evolution  of  oxygen  (Berthelotj  1890).  On  saturating  with  caustic 
baryta,  the  solution  of  the  salt  formed  may  be  separated  from  the  sulphate  of  barium, 
and  then  the  composition  of  the  resultant  compound,  BaS.iOg,  may  be  determined  from 
the  amount  of  oxygen  disengaged.  Marshall  (1891)  studied  the  formation  of  this  class 
of  compounds  more  fully;  he  subjected  a  saturated  solution  of  bisulphate  of  potassium 
to  electrolysis  with  a  current  of  S-'dh  ampf'res  ;  before  electrolysis  dilute  sulphuric  acid 
is  added  to  the  liquid  surrounding  the  negative  pole,  and  during  electrolysis  the  solution 
at  the  anode  is  cooled.  The  electrolysis  is  continued  without  interruption  for  two  days, 
and  a  white  crystalline  deposit  separates  at  the  anode.  To  avoid  decomposition,  the 
latter  is  not  filtered  through  paper,  but  through  a  perforated  platinum  x^late,  and  di'ied 
on  a  porous  tile.  The  mother  liquor,  with  the  addition  of  a  fresh  solution  of  bisulphate 
of  potassimn,  is  again  subjected  to  electrolysis  and  the  crystals  formed  at  the  anode  are 
again  collected,  &c.  The  salt  so  obtained  may  be  recrystallised  by  dissolving  it  in  hot 
water  and  rapidly  cooling  the  solution  after  filtration  ;  a  small  proportion  of  the  salt  is 
decomposed  by  this  treatment.  Rapid  cooling  is  followed  by  the  formation  of  small 
columnar  crystals  ;  slow  cooling  gives  large  prismatic  crystals.  The  composition  of  the 
salt  is  determined  either  by  igniting  it,  when  it  forms  sulphate  of  potassium,  or  else  by 
titrating  the  active  oxygen  with  permanganate  :  its  composition  was  found  to  corresj)ond 
to  the  salt  of  persulphuric  acid,  KoS.iOg.  The  solution  of  the  salt  has  a  neutral  reaction, 
and  does  not  give  a  precipitate  with  salts  of  other  metals.  KoS-^Og  is  the  most  insoluble 
of  the  salts  of  persulphuric  acid.  With  nitrate  of  silver  it  forms  x^^rsulphate  of 
silver,  which  gives  peroxide  of  silver  under  the  action  of  water  according  to  the  equation 
Ag2S208  +  2H.jO  =  Ago02  +  2HoSO.i.  With  an  alkaline  solution  of  a  cupric  salt  (Fehling's 
solution)  it  forms  a  red  precipitate  of  peroxide  of  copper.  Manganese  and  cobalt  salts 
give  precipitates  of  MnOs  and  C02O5.  Ferrous  salts  are  rapidly  oxidised,  potassium 
iodide  slowly  disengages  iodine  at  the  ordinary  temperature.  All  these  reactions  indicate 
the  powerful  oxidising  pro^jerties  of  K.^SoOs-  In  oxidising  in  the  presence  of  water  it  gives 
£u residue  of  KHSOi.  The  decomposition  of  the  dry  salt  begins  at  100°  but  is  not  com- 
plete even  at  250°.  The  freshly  prepared  salt  is  inodorous,  but  after  being  kept  in  ^l 
closed  vessel  it  evolves  a  peculiar  smell  different  from  that  of  ozone.  The  ammonium 
salt  of  persulphuric  acid,  (NH4)oS.20g,  is  obtained  in  a  similar  manner.  It  is  soluble  to 
the  extent  of  58  parts  per  100  parts  by  weight  of  water.  The  decomposition  of  the 
ammonium  salt  by  the  hydrated  oxide  of  barium  gives  the  barium  salt,  Bay.1O34H.2O, 
which  is  soluble  to  the  extent  of  52'2  parts  in  100  parts  of  water  at  0°.  The  crystals  do  not 
deliquesce  in  the  air  and  decompose  in  the  course  of  several  days ;  they  decompose  most 
rapidly  in  perfectly  dry  air.     Solutions  of  the  pure  salt  decompose  slowly  at  the  ordinary 
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In  order  to  understand  the  relation  of  sulphuric  peroxide  to  sulphuric 
acid  we  must  first  remark  that  hydrogen  peroxide  is  to  be  considered, 
in  accordance  with  the  law  of  substitution,  as  water,  H(OH),  in  whicli 
H  is  replaced  by  (OH).  Xow  the  relation  of  HjS^Og  to  HjSO^  is 
exactly  similar.  The  radicle  of  sulphuric  acid,  equivalent  to  hydrogen, 
is  HSO4  ;  6^  '='''  it  corresponds  with  the  (OH)  of  water,  and  therefore 
sulphuric  acid,  H(8H04),  gives  (SH04).>  or  SoH^Dj,  in  exactly  the  same 
manner  as  water  gives  (HO).^ — i.e.  H^O.,.''^ 

The  largest  part  of  tlie  sulphuric  acid  made  is  used  for  reacting 
on  sodium  chloride  in  the  manufacture  of  sodium  carbonate  ;  for  the 
manufacture  of  the  volatile  acids,  like  nitric,  hydrochloric,  t^'c,  from 
their  corresponding  salts  ;  for  the  preparation  of  ammonium  sulphate, 
alums,  vitriols  (copper  and  iron),  artificial  manures,  superphosphate 
(Chapter  XIX,,  Note  18)  and  other  salts  of  sulphuric  acid  ;  in  the  treat- 
ment of  bone  ash  for  the  preparation  of  phosphorus,  and  for  the  solu- 
tion of  metals— for  example,  of  silver  in  its  separation  from  gold — for 

temx^erature ;  on  boiling  barium  sul^ihate  is  gradually  precipitated,  oxygen  being  liberated 
simultaneously.  To  comx^letely  decompose  tbis  salt  it  is  necessary  to  boil  its  solution  for  a 
long  time.  .Vlcoliol  dissolves  the  solid  salt ;  tbe  anhydrous  salt  does  not  separate  from 
the  alcoholic  solution,  but  a  hydrate  containing  one  molecule  of  water,  BaS.,03H20, 
which  is  soluble  in  water  but  insoluble  in  absolute  alcohol.  Solid  barium  persulphate 
decomposes  even  when  slightly  heated.  The  free  acid,  which  may  serve  for  tbe  prepara- 
tion of  other  sidts,  is  obtained  by  treating  thf^  barium  salt  with  sulphuric  acid.  The 
lead  salt,  PbS  ,0^,  has  been  obtained  from  the  free  acid  ;  it  ciystallises  with  two  or  three 
molecules  of  water.  It  is  soluble  in  water,  deliquesces  in  the  air,  and  with  alkalis  gives 
a  precipitate  of  the  hydrated  oxide  which  rapidly  oxidises  into  the  binoxide. 

Traube,  before  Marshall's  researches,  thought  that  the  electrolysis  of  solutions  of 
sulphuric  acid  did  not  give  persulphuric  acid  but  a  persulphuric  oxide  having  the  com- 
position SO^.  On  repeating  his  former  researches  (1892)  Traube  obtained  a  persulphuric 
oxide  by  the  electrolysis  of  a  70  per  cent,  solution  of  sulphuric  acid,  and  he  separated  it 
from  the  solution  by  means  of  barium  phosphate.  Analysis  showed  that  this  substance 
coiTesponded  to  the  above  composition  SO  ^  and  therefore  Traube  considers  it  very 
likely  that  the  salts  obtained  by  Marshall  corresponded  to  an  acid  H2SO4  +  SO4,  i.e.  that 
the  indifferent  oxide,  SO4,  can  combine  with  sulphuric  acid  and  form  peculiar  saline 
compounds. 

r>:i  bis  Or  one  of  those  supposed  ions  which  appear  at  the  positive  pole  in  the  decoini)o- 
sition  of  sulphuric  acid  by  the  action  of  a  galvanic  current. 

'"'  If  this  be  true  one  would  expect  the  following  peroxide  hydrates  :  for  phosphoric 
acid,  (H.;PO,)o  =  H4P2O8  =  2S,0 -f  2PO3;  for  carbonic  acid,  (HCO,)^  =  H2C2O,;  = 
H2O  -f  C.^O^  ;  and  for  lead  the  true  peroxide  will  be  also  Pb._>05,  &c.  Judging  from  the 
example  of  barium  peroxide  (Xote  62),  these  peroxide  fonns  will  probably  combine 
together.  It  seems  to  me  that  the  compounds  obtained  by  Fairley  for  uranium  are  very 
instructive  as  elucidating  the  peroxides.  In  the  action  of  hydrogen  peroxide  in  an  acid 
solution  on  uranium  oxide,  UO3,  there  is  formed  a  uranium  peroxide,  U04,4H.^O(U  =  240), 
but  hydrogen  peroxide  acts  on  uranium  oxide  in  tbe  presence  of  caustic  soda ;  on  the 
addition  of  alcohol  a  crj-stalline  compound  containing  NaiU08,4H.iO  is  precipitated, 
which  is  doubtless  a  compound  of  the  percxides  of  sodium,  Na.jOj,  and  uranium,  UO4. 
It  is  very  possible  that  the  first  peroxide,  U04,4H.jO,  contains  the  elements  of  hydrogen 
peroxide  and  uranium  peroxide,  U.iOy,  or  even  U(0H),„H20.j,  just  as  the  peroxide  form 
lately  discxnered  by  Spring  for  tin  perhaps  contains  Rn.jO^,!!...©.). 
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cleaning  metals  from  rust,  itc.  A  large  amount  of  oil  of  vitriol  is  also 
used  in  treatment  of  organic  substances  ;  it  is  used  foi  the  extraction 
of  stearin,  or  stearic  acid,  from  tallow,  for  refining  petroleum  and 
various  vegetable  oils,  in  the  preparation  of  nitro-glycerine  (Chapter  VI., 
Notes  37  and  37  bis),  for  dissolving  indigo  and  other  colouring  matters, 
for  the  conversion  of  paper  into  vegetable  parchment,  for  the  prepara- 
tion of  ether  from  alcohol,  for  the  preparation  of  various  artificial  scents 
from  fusel  oil,  for  the  preparation  of  vegetaljle  acids,  such  as  oxalic, 
tartaric,  citric,  for  the  conversion  of  non- fermentable  starchy  substances 
into  fermentable  glucose,  and  in  a  number  of  other  processes.  It 
would  be  difficult  to  find  another  artificially-prepared  substance 
which  is  so  frequently  applied  in  the  arts  as  sulphuric  acid.  Where 
there  are  not  works  for  its  manufacture,  the  economical  production  of 
many  other  substances  of  great  technical  importance  is  impossible. 
In  those  localities  which  have  arrived  at  a  high  technical  activity 
the  amount  of  sulphuric  acid  consumed  is  proportionally  large  ; 
sulphuric  acid,  sodium  carbonate,  and  lime  are  the  most  important  of 
the  artificially-prepared  agents  employed  in  factories. 

Besides  the  normal  acids  of  sulphur,  II2SO3,  H.2SO3S,  and  H.jSOj, 
corresponding  with  sulphuretted  hydrogen,  H^S,  in  the  same  way 
that  the  oxy-acids  of  chlorine  correspond  with  hydrochloric  acid,  HCl, 
there  exists  a  peculiar  series  of  acids  which  are  termed  tfdonic  acids. 
Their  general  composition  is  SyHjOj,  where  n  varies  from  2  to  5.  If 
n  =  2,  the  acid  is  called  dithionic  acid.  The  others  are  distinguished 
as  trithionic,  tetrathionic,  and  pentathionic  acids.  Their  composition, 
existence,  and  reactions  are  very  easily  understood  if  they  be  referred 
to  the  class  of  the  sulphonic  acids — that  is,  if  their  relaticjn  to 
sulphuric  acid  be  expressed  in  just  the  same  manner  as  the  relation  of 
the  organic  acids  to  carbonic  acid.  The  organic  acids,  as  we  saw 
(Chapter  IX.),  proceed  from  the  hydrocarbons  by  the  substitution  of 
their  hydrogen  by  carboxyl — that  is,  by  the  radicle  of  carbonic  acid, 
CH2O3  —  HO  =  CHO2.  The  formation  of  the  acids  of  sulphur  by 
means  of  sulphoxyl  may  be  represented  in  the  same  manner,  HSO3 
=  112804  — HO.  Therefore  to  hydrogen  H,  there  should  correspond  the 
acids  H'SHOj,  sulphurous,  and  SHOj-SHOj  =  S2H2O5,  or  dithionic  ; 
to  SH2  there  should  correspond  the  acids  SH(8H03)  =  H21S2O3  (thio 
sulphuric),  and  S(SH03)2  =  H2S3O5  (trithionic)  ;  to  S2H2  the  acids 
.S2H(SH03)  =  H2S3O2  (unknown),  and  S2(SH03)2  =  ^SS^a  (tetra- 
thionic) ;  to  S3H2  the  acids  S3H(SH03)  and  S3(SH03)2  =  H^SjOj 
(pentathionic).  We  know  that  iodine  reacts  directly  with  the  hydrogen 
of  sulphuretted  hydrogen  and  combines  with  it,  and  if  thiosulphuric 
acid  contains  the  radicle  of  sulphuretted  hydrogen  (or  hydrogen  united 
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with  sulphur)  of  the  same  nature  as  in  sulphuretted  hydrogen,  it  is  not 
surprising  that  iodine  reacts  with  sodium  thiosulphate  and  forms  sodium 
tetrathionate.  Thus,  thiosulphurio  acid,  HS(SH03),  when  deprived 
of  H,  gives  a  radicle  which  immediately  combines  with  another  similar 
radicle,  forming  the  tetrathionate  S2(S0.,H0).,.  On  this  view  ^^  of 
the  structure  of  the  thionic  acids  and  salts,  it  is  also  clear  how  all  the 
thionic  acids,  like  thiosulphuric  acid,  easily  give  sulphur  and  sulphides, 
with  the  exception  only  of  dithionic  acid,  HaSgOj,  which,  judging 
from  the  above,  stands  apart  from  the  series  of  the  other  thionic 
acids.  Dithionic  acid  stands  in  the  same  relation  to  sulphuric  acid  as 
oxalic  acid  does  to  carbonic  acid.  Oxalic  acid  is  dicarboxyl,  (€£[02)2 
=  CjHjOj,  and  so  also  dithionic  acid  is  disulphoxyl,  (81103)2  =  SjHjO,;. 
Oxalic  acid  when  ignited  decomposes  into  carbonic  anhydride  and 
carbonic  oxide,  CO,  and  dithionic  acid  when  heated  decomposes  into 
sulphuric  anhydride  and  sulphurous  anhydride,  S02,'  and  SO2  stands 
in  the  same  relation  to  SO3  as  CO  to  CO2.  This  also  explains  the 
peculiarity  of  the  calcium,  barium,  and  lead,  ifec.  salts  of  the  thionic  acids 
being  easily  soluble  (although  the  corresponding  salts  of  HjSOjjHjSO.,, 
and  H-jS  di.ss(jlve  with  difficulty),  because  the  former  are  similar  to 
the  salts  of  the  sulphonio  acids,  which  are  also  soluble  in  water. 
Thus  the  thionic  acids  are  disniphonic  acids,  just  as  many  dicarboxylic 
acids  are  known — for  example,  CH2(C02H)2,  C|3H,|(C02H)2.''^ 

'■'  This  view  was  communicated  by  me  in  1870  to  the  Russian  Chemical  Society. 

^  Dithionic  acid,  H2S0O,;,  is  distinguished  among  the  thionic  acids  as  containing 
the  least  proportion  of  sulphur.  It  is  also  called  liyposulphuric  acid,  because  its  supposed 
anhydride,  S2O5,  contains  more  O  than  sulphurous  oxide,  8O2  or  S0O4,  and  less  than 
sulphuric  anhydride,  SO3  or  SoO,,.  Dithionic  acid,  discovered  by  Gay-Lussao  and 
Welter,  is  known  as  a  hydrate  and  as  salts,  but  not  as  anhydride.  The  method  for  pre- 
paring dithionic  acid  usually  employed  is  by  the  action  of  finely-powdered  manganese 
dioxide  on  a  solution  of  sulphurous  anhydride.  On  shaking,  the  smell  of  the  latter 
disappears,  and  tlie  manganese  salt  of  the  acid  in  question  passes  into  solution ; 
Mn0o-h2S0o  =  MnS.206.  If  the  temperature  be  raised,  the  dithionate  splits  up  into 
sulphurous  anhydi'ide  and  manganese  sulphate,  MnSOj.  Generally  owing  to  this  a 
mixture  of  manganese  sulphate  and  dithionate  is  obtained  in  the  solution.  They  may 
be  separated  by  mixing  the  solution  of  the  manganese  salts  with  a  solution  of  barium 
hydro-^ide,  when  a  precipitate  of  manganese  hydroxide  and  barium  sulphate  is  obtained. 
In  this  manner  barium  dithionate  only  is  obtained  in  solution,  It  is  purified  by 
crystallisation,  and  separates  as  BaS.20o,2H.iO ;  this  is  then  dissolved  in  water,  and 
decomposed  with  the  requisite  amount  of  srilphurie  acid.  Dithionic  acid,  H.^SjOg,  then 
remains  in  solntion.  By  concentrating  the  resultant  solution  under  the  receiver  of  an 
air-pumx5  it  is  possible  to  obtain  a  liquid  of  sp.  gr.  1'347,  but  it  still  contains  water,  and 
on  further  evaporation  the  acid  decomposes  into  sulphuric  acid  and  sulphurous  anhy- 
dride: H.>S.jO(j  — HoS04H-S02.  The  same  decomposition  takes  place  if  the  solution  be 
slightly  heated.  Like  all  the  thionic  acids,  dithionic  acid  is  readily  attacked  by  oxidising 
agents,  and  passes  into  sulphurous  acid.  No  dithionate  is  able  to  withstand  the  action 
of  heat,  even  when  very  slight,  without  giving  off  sulphurous  anhydride :  K.jSiOe 
=  KoS04-l-S0.i.     The  alkali  dithionates  have  a  neutral   reaction  (which  indicates  the 


8ULPHUB,    SELENIUM,    AND   TELLUEIUM  257 

Sulphur  exhibits  an  acid  character,  not  only  in  its  compounds  with 
hydrogen  and  oxygen,   but  also  in  those  with  other  elements.     The 

energetic  naturaof  the  acid)  are  soluble  in  water,  and  in  tliis  respect  present  a  certain 
resemblance  to  the  salts  of  nitric  acid  (their  auliydrides  are :  N2O5  and  S2O5).  Kluss 
(1888)  described  many  of  the  salts  of  dithionic  acid. 

Langlois,  about  1840,  obtained  u,  peculiar  thionic  acid  by  heating  a  strong  solution 
of  acid  potassium  sulphite  with  flowers  of  sulphur  to  about  60°,  unljil  the  disappearance 
of  the  yellow  coloration  first  produced  by  the  solution  of  the  sulphur.  On  cooling,  a 
portion  of  the  sulphur  was  precipitated,  aud  crystals  of  a  salt  of  frithionic  acid, 
K3S5O6  (partly  mixed  with  potassium  sulphate),  separated  out.  Plessy  afterwards 
showed  that  the  action  of  sulphurous  acid  on  a  thiosulphate  also  gives  sulphur  and 
trithionic  acid:  2K2S.205  +  3S02  =  2K2S506  +  S.  A  mixture  of  potassium  acid  sulphite 
and  thiosulphate  also  gives  ;■■  trithionate.  It  is  very  possible  that  a  reaction  of  the 
same  kind  occurs  in  the  formation  of  trithionic  acid  by  Langloid's  method,  because 
potassium  sulphite  and  suliphur  yield  potassium  thiosulphate.  The  potassium  thiosul- 
phate may  also  be  replaced  by  potassium  sulphide,  and  on  passing  sulphurous  anhydride 
through  the  solution  thiosulphate  is  first  formed  and  then  trithionate:  dKHSOs  +  KaS 
+  4S02=3K.2S50g-f-2H20.  The  sodium  salt  is  not  formed  under  the  same  circumstances 
as  the  con'esponding  x^otassium  salt.  The  sodium  salt  does  not  crystallise  and  is  very 
unstable :  the  barium  salt  is,  however,  more  stable.  The  barium  and  potassium  salts 
are  anliydrous,  they  give  neutral  solutions  and  decompose  when  ignited,  with  the 
evolution  of  sulphur  and  sulphurous  anhydride,  a,  sulphate  being  left  behind,  K2S5O6 
=  £2804+80.2  +  8.  If  a  solution  of  the  potassium  salt  be  decomposed  by  means  of 
hydrofluo silicic  or  chloric  acid,  the  insoluble  salts  of  these  acids  are  precipitated  and 
trithionic  acid  is  obtained  in  solution,  which  however  very  easily  breaks  up  on  concen- 
tration. The  addition  of  salts  of  copper,  mercury,  silver,  &"c.,  to  a  solution  of  a  trithionate 
is  followed,  either  immediately  or  after  a  certain  time,  by  the  formation  of  a  black  pre- 
cipitate of  the  sulphides  whose  formation  is  due  to  the  decomposition  of  the  trithionic 
acid  with  the  transference  of  its  sulphur  to  the  metal. 

Tetyathionir,  acid,  1128405,  in  contradistinction  to  the  preceding  acids,  is  much 
more  stable  in  the  free  state  than  in  the  form  of  salts.  In  the  latter  form  it  is  easily 
converted  into  trithionate,  with  liberation  of  sulphur.  Sodium  tetrathiouate  was 
obtained  by  Fordos  and  Gelis,  by  the  action  of  iodine  on  a  solution  of  sodium  thiosul- 
phate. The  reaction  essentially  consists  in  the  iodine  taking  up  half  the  sodium  of  the 
thiosulphate,  inasmuch  as  the  latter  contains  Na2S205,  whilst  the  tetrathiouate  contains 
NaS^O^  or  Na2840,i,  so  that  the  reaction  is  as  follows:  2Na2S203  +  l2  =  2NaI  +  Na2S406. 
It  is  evident  that  tetrathionic  acid  stands  to  thiosulphuric  acid  in  exactly  the  same 
relation  as  dithionic  acid  does  to  sulphurous  acid  ;  for  the  same  amount  of  the  other 
elements  in  dithionate,  K8O5,  aud  tetrathiouate,  KS2O5,  there  is  half  as  much  metal  as 
in  sulphite,  KoSO-,  and  thiosulphate,  K282O5.  If  in  the  above  reaction  the  sodium 
thiosulphate  be  replaced  by  the  lead  salt  PbSaOs,  the  sparingly- soluble  lead  iodide  Pblo 
and  the  soluble  salt  PbS.jO,i  are  obtained.  Moreover  the  lead  salt  easily  gives  tetra- 
thionic acid  itself  (PbS04  is  precipitated).  The  solution  of  tetrathionic  acid  Tuay  be 
evaporated  over  a  water-bath,  and  afterwards  in  a  vacuum,  when  it  gives  a  colourless 
liquid,  which  has  no  smell  and  a  veiy  acid  reaction.  When  dilute  it  may  be  heated  to 
its  boiling-point,  but  in  a  concentrated  form  it  decomi^oses  into  sulphuric  acid,  sul- 
phurous anhydride,  aud  sulphur  :  11.38406=112804  +  80.2  +  82. 

Pentaihionic  ac'ul,  H2S5O6,  also  belongs  to  this  series  of  acids.  But  little  is  known 
concerning  it,  either  as  hydrate  or  in  salts.  It  is  fonned,  together  with  tetrathionic 
acid,  by  the  direct  action  of  sulphurous  acid  on  sulphuretted  hydrogen  in  an  aqueous 
solution  ;  a  large  proxDortion  of  sulphur  being  precipitated  at  the  same  time  :  SSOj 
+  5H2S  =  H28506  +  58  +  4H20. 

If,  as  was  shown  above,  the  thionic  acids  are  disulphonic  acids,  they  may  be  ob- 
tained, like  other  sulphonic  acids,  by  means  of  potassium  sulphite  and  sulphur  chloride. 
VOL.  II.  S 
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compound  of  sulphur  and  carbon  has  been  particularly  well  investigated. 
It  presents  a  great  analogy  to  carbonic  anhydride,  both  in  its  elementary 
composition  and  chemical  character.  This  substance  is  the  so-called 
carbon  bisulphide,  CSg,  and  corresponds  with  CO2. 

Thus  Spring  demonstrated  the  formation  of  potassium  tritliionate  by  the  action  of  sul- 
phur dichloride  on  a  strong  solution  of  potassium  sulphite:  2KS03K  +  SCL2  =  S(S03K)2 
-I-2KC1.  If  sulphur  cMoride  be  taken,  sulphur  also  is  precipitated.  The  same 
trithionate  is  formed  by  heating  a  solution  of  double  thiosulphates ;  for  example,  of 
AgKSgOs.  Two  molecules  of  the  salts  then  form  silver  sulphide  and  potassium 
tritliionate.  If  the  thiosulphate  be  the  potassium  silver  salt  SO^KfAgS),  then  the 
structure  of  the  trithionate  must  necessarily  be  {S05K)2S.  Previous  to  Spring's 
researches,  the  action  of  iodine  on  sodium  thiosulphate  was  an  isolated  accidentally 
cliscovered  reaction ;  he,  however,  showed  its  general  significance  by  testing  the  action  of 
iodine  on  mixtures  of  different  sulphur  compounds.  Thus  with  iodine,  lo,  the  mixture 
NaoS  +  NaoSO.- forms  2NaI  +  Na2S203,  whilst  the  mixture  Na2S205  +  Na2S05  +  l3  gives 
2NaI  +  Na2S.-50e — that  is,  trithionic  acid  stands  in  the  same  relation  to  thiosulphuric  acid 
as  the  latter  does  to  sulphuretted  hydrogen.  We  adopt  the  same  mode  of  represen- 
tation ;  by  replacing  one  hydrogen  in  H2S  by  sulphuryl  we  obtain  thiosulphuric  acid, 
HSOtj'HS,  and  by  replacing  a  second  hydrogen  in  the  latter  again  by  sulphuryl  we  obtain 
trithionic  acid,  {HS05)2S.  Furthermore,  Spring  showed  that  the  action  of  sodium 
amalgam  on  the  thionic  acids  causes  reverse  reactions  to  those  above  indicated  for 
iodine.  Thus  sodium  thiosulphate  with  Na.i  gives  Na-^S  +  NaaSOs,  and  Spring  showed 
that  the  sodium  here  is  not  a  simple  element  taking  up  sulphur,  but  itself  enters  into 
double  decomposition,  replacing  sulphur  ;  for  on  taking  a  potassium  salt  and  acting  on 
it  with  sodium,  KS05(SK) +  NaNa  =  KS05Na+ (SK)Na.  In  a  similar  way  sodium 
dithiouate  with  sodium  gives  sodium  sulphite:  (NaS03)2+Na.2  — 2NaS05Na;  sodium 
trithionate  forms  NaSOsNa  and  NaSO^SNa,  and  tetrathionate  forms  sodium  thiosul- 
phate, (NaS05)S2(NaSO.O  +  Na2  =  2fNaS05)(NaS). 

In  all  the  oxidised  compounds  of  sulphur  we  may  note  the  presence  of  the  elements 
of  sulphurous  anhydride,  SOo,  the  only  product  of  the  combustion  of  sulphur,  and  in  this 
sense  the  compounds  of  sulphur  containing  one  SO2  are — 
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SO  HO 

SO,«^H, 
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Sulphurous 
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Sulphuric 
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mode  of  representation,  the  thionic  acids  are — 
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Hence  it  is  evident  that  SO2  has  (whilst  CO2  has  not)  the  faculty  for  combination, 
and  aims  at  forming  SO2X2.  These  Xo  can  =  0,  and  the  question  naturally  suggests 
itself  as  to  whether  the  Oo  which  occurs  in  SO2  is  not  of  the  same  nature  as  this  oxygen 
which  adds  itself  to  SO2 — that  is,  whether  SO2  does  not  correspond  with  the'more 
general  type  SX4,  and  its  compounds  with  the  type  SXq  ?  To  this  we  may  answer  '  Yes 
and  '  No ' — '  Yes '  in  the  general  sense  which  proceeds  from  the  investigation  of  the 
majority  of  compounds,  especially  metals,  where  KO  corresponds  with  RCI2,  RX.^ ;  '  No ' 
in  the  sense  that  sulphur  does  not  give  either  SH4,  SHc,  or  SClc,  and  therefore  the 
stages  SXj  and  SXg  are  only  observable  in  oxygen  compounds.  "With  reference  to  the 
type  SXe  a  hydrate,   S(HO)g,  might  be  expected,  if  not   SCI,;.     And  we  must  recog- 


8ULPHUR,    SELENIUM,    AND   TELLURIUM  S^59 

The  first  endeavours  to  obtain  a  compound  of  sulphur  with  carbon 
were  unsuccessful,  for  although  sulphur  does  combine  directly  with 
carbon,  yet  the  formation  of  this  compound  requires  distinctly 
definite  conditions.  If  sulphur  be  mixed  with  charcoal  and  heated,  it 
is  simply  driven  off  from  the  latter,  and  not  the  smallest  trace  of 
carbon  bisulphide  is  obtained.  The  formation  of  this  compound 
requires  that  the  charcoal  should  be  first  heated  to  a  red  heat,  but  not 
above,  and  then  either  the  vapour  of  sulphur  passed  over  it  or  lumps 
of  sulphur  thrown  on  to  the  red-hot  charcoal,  but  in  small  quantities, 
so  as  not  to  lower  the  temperature  of  the  latter.  If  the  charcoal  be 
heated  to  a  white  heat,  the  amount  of  carbon  bisulphide  formed  is  less. 
This  depends,  in  the  first  place,  on  the  carbon  bisulphide  dissociating 
at  a  high  temperature.*^^  In  the  second  place,  Favre  and  ftilberman 
showed  that  in  the  combustion  of  -one  gram  of  carbon  bisulphide  (the 
products  will  be  COg  +  SSOg)  3,400  heat  units  are  evolved — that  is, 
the  combustion  of  a  molecular  quantity  of  carbon  bisulphide  evolves 
258,400  heat  units  (according  to  Berthelot,  246,000).  From  a  molecule 
of  carbon  bisulphide  in  grams  we  may  obtain  12  grams  of  carbon, 
whose  combustion  evolves  96,000  heat  units,  and  64  grams  of  sulphur, 
evolving  by  combustion  (into  ►SOg)  140,800  heat  units.  Hence  we  see 
that  the  component  elements  separately  evolve  less  heat  by  their  com- 
bustion (237,000   heat  units)  than  carbon    bisulphide  itself — that    is, 

nise  this  hydrate  from  a  study  of  the  compounds  of  sulphuric  acid  with  water.  In 
addition  to  what  has  been  already  said  respecting  the  complex  acids  formed  by  sulphur, 
I  think  it  well  to  mention  that,  according  to  the  above  view,  still  more  complex  oxygen 
acids  and  salts  of  sulphur  may  be  looked  for.  For  instance,  the  salt  Na2S403  obtained 
by  Villiers  (1888)  is  of  this  kind.  It  is  formed  together  with  sodium  trithionate  and 
sulphur,  when  SO^  is  passed  through  a  cold  solution  of  NasSsOs,  wliich  is  then  allowed 
to  stand  for  several  days  at  the  ordinary  temperature:  2Na2S205  +  4S02  =  Na2S]08 
+  Na2S50^+S.  It  may  be  assumed  here,  as  in  the  thionic  acids,  that  there  are  two 
sulphoxyls,  bound  together  not  only  by  S,  but  also  by  SO;,  or  what  is  almost  the 
Bame  thing,  that  the  sulphoxyl  is  combined  with  the  residue  of  trithionic  acid,  i.e.  replaces 
■one  aqueous  residue  in  trithionic  acid. " 

^^  Even  light  decomposes  carboji  bisulphide,  but  not  to  the  extent  of  separating 
carbon;  under  the  action  of  the  sun's  rays  it  is  decomposed  into  sulphur  and  ..x,  solid 
substance  which  is  considered  to  be  carbon  monosulphide  ;  it  is  of  a  red  colour,  and  its 
sp.  gr.  is  1"66.  {The  formation  of  a  red  liquid  compound  C-Sn  has  also  been  remarked.) 
Thorpe  (1889)  observed  a  complete  decomposition  of  carbon  bisulphide  under  the  action 
of  a  liquid  alloy  of  potassium  and  sodium  ;  it  is  accompanied  by  an  explosion  and  the 
deposition  of  carbon  and  sulphur.  A  similar  complete  decomposition  of  carbon  bisul- 
phide is  also  accomplished  by  the  action  of  mercury  fulminate  (Chapter  XVI.,  Note  26), 
and  is  due  to  the  fact  that  ftf  i/ie  ordinary  te'mperature  (at  which  carbon  bisulphide  is 
not  produced)  the  decomposition  of  carbon  bisulphide  takes  place  with  the  development 
■of  heat — that  is,  it  presents  an  exothermal  reaction,  like  the  decomposition  of  all 
explosives.  It  is  very  possible  that  at  a  higher  temperature,  when  carbon  bisulphide  is 
formed,  the  combination  of  cai'bon  with  sulphur  is  also  an  exothermal  reaction — that  is 
heat  is  developed.  If  this  should  be  the  case,  carbon  bisulphide  would  present  a  most 
instructive  example  in  thermochemistry. 

s  2 
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that  heat  should  be  evolved  (at  the  ordinary  temperature)  and  not 
absorbed  in  its  decomposition,  and  therefore  that  the  formation  of  car- 
bon bisulphide  from  charcoal  and  sulphur  is  in  all  probability  accom- 
panied by  an  absorption  of  heatj"  It  is  therefore  not  surprising  that, 
like  other  compounds  produced  with  an  absorption  of  heat  (ozone, 
nitrous  oxide,  hydrogen  peroxide,  &c.),  carbon  bisulphide  is  unstable 
and  easily  converted  into  the  original  substances  from  which  it  is 
obtained.  And  indeed  if  the  vapour  of  carbon  bisulphide  be  passed 
through  a  red-hot  tube,  it  is  decomposed — that  is,  it  dissociates — into 
sulphur  and  carbon.  And  this  takes  place  at  the  temperature  at  wliich 
this  substance  is  formed,  just  as  water  decomposes  into  hydrogen  and 
oxygen  at  the  temperature  of  its  formation.     In  this  absorption  of  heat 


Fro,  90. — Apparatus  for  the  niauufacture  of  carhou  bisulphiile 

in  the  formation  of  carbon  bisulphide  is  explained  the  facility  with  which 
it  suffers  reactions  of  decomposition,  which  we  shall  see  in  the  sequel, 
and  its  main  difference  from  the  closely  analogous  carbonic  anhydride. 

'0  The  fact  should  not  be  lost  sight  of  that  sulphur  and  charcoal  are  solids  at  the 
ordinary  temjjerature,  whilst  carbon  bisulphide  is  a  very  volatile  liquid,  and  consequently,  in 
the  act  of  combination,  referred  to  the  ordinary  temperature  (Note  69),  there  is,  as  it  were,  a 
passage  into  a  liquid  state,  and  this  requires  the  absorption  of  heat.  And  furthermore, 
the  molecule  of  sulphur  contains  at  least  six  atoms,  and  the  molecule  of  carbon  in  all 
probability  (Chapter  VIII.)  a  very  considerable  number  of  atoms  ;  thus  the  reaction  of 
sulphur-  on  charcoal  may  be  expressed  in  the  following  manner:  3C„  +  »iS6=3,iCS2— 
that  is,  from  n  +  3  molecules  there  proceed  3n  molecules,  and  as  ?»  must  be  very  con- 
siderable, OH  must  be  greater  than  3-t-»,  which  indicates  a  decomposition  in  the 
formation  of  carbon  bisulphide,  although  the  reaction  at  first  sight  appears  as  one  of 
combination.  This  decomposition  is  seen  also  from  the  volumes  in  the  solid  and  liquid 
states.  Carbon  bisulphide  has  a  sp.  gr.  of  1'29  ;  hence  its  molecular  volume  is  59.  But 
the  volume  of  carbon,  even  in  the  form  of  charcoal,  is  not  more  than  6,  and  the  volume 
of  Sa  is  80 ;  hence  36  volumes  after  combination  give  59  volumes — an  expansion  takes 
place,  as  in  decompositions. 
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In  the  laboratory  carbon  bisulphide  is  prepared  as  follows,;  A 
porcelain  tube  is  luted  into  a  furnace  in  an  inclined  position,  the  upper 
extremity  of  the  tube  being  closed  by  a  cork,  and  the  lower  end 
connected  with  a  condenser.  The  tube  contains  charcoal,  which  is 
raised  to  a  red  heat,  and  then  pieces  of  sulphur  are  placed  in  the  upper 
end.  The  sulphur  melts,  and  its  vapour  comes  into  contact  with  the 
red-hot  charcoal,  when  combination  takes  place  ;  the  vapours  con- 
dense in  the  condenser,  carbon  bisulphide  being  a  liquid  boiling  at 
48°.  On  a  large  scale  the  apparatus  depicted  in  tig.  90  is  employed. 
A  cast-iron  cylinder  rests  on  a  stand  in  a  furnace.  Wood  charcoal  is 
charged  into  the  cylinder  through  the  upper  tube  closed  by  a  clay 
stopper,  whilst  the  sulphur  is  introduced  through  a  tube  reaching  to 
the  bottom  of  the  cylinder.  Pieces  of  sulphur  thrown  into  this  tube 
fall  on  to  the  bottom  of  the  cylinder,  and  are  converted  into  vapour, 
which  passes  through  the  entire  layer  of  charcoal  in  the  cylinder.  The 
vapour  of  carbon  bisulphide  thus  formed  passes  through  the  exit  tube 
first  into  a  Woulfe's  bottle  (where  the  sulphur  which  has  not  entered 
into  the  reaction  is  condensed),  and  then  into  a  .strongly-cooled  con- 
denser or  worm."' 

Pure  carbon  bisulphide  is  a  colourless  liquid,  which  refracts  light 
strongly,  and  has  a  pure  ethereal  smell  ;  at  0°  its  specific  gravity  is  1  '293, 
and  at  15°  1'271.  If  kept  foralongtime  it  seems  to  undergo  a  change, 
especially  when  it  is  kept  under  water,  in  which  it  is  insoluble.  It 
boils  at  48°,  and  the  tension  of  its  vapour  is  so  great  that  it  evaporates 
very  easily,  producing  cold,'^  and  therefore  it  has  to  be  kept  in  well- 
stoppered  vessels  ;  it  is  generally  kept  under  a  layer  of  water,  which 
hinders  its  evaporation  and  does  not  dissolve  it.^'^ 

''I  Carbon  bisulphide,  as  prei^ared  on  a  large  scale,  is  generally  very  impiire,  and 
contains  not  only  sulphur,  but,  more  especially,  other  impurities  which  give  it  a  very 
disagreeable  odour.  The  best  method  of  purifying  this  malodorous  carbon  bisulphide  is 
to  shake  it  up  with  a  certain  amount  of  mercuric  chloride,  or  even  simply  with  mercury, 
until  the  surface  of  the  metal  ceases  to  turn  black.  After  this  the  carbon  bisulphide 
must  be  poured  off  and  distilled  over  a  water- bath,  after  mixing  with  some  oil  to  retain 
the  impurities. 

^^  If  carbon  bisulphide  be  evaporated  under  the  receiver  of  an  air-pump,  or  by  means 
of  a  current  of  air,  it  is  possible  to  obtain  a  temperature  as  low  as  —  60°,  and  the  carbon 
bisulphide  does  not  solidify  at  this  temperature.  However,  if  a  series  of  air-bubbles  be 
passed  through  it  by  means  of  bellows,  a  crystalline  white  substance  remains  wliich 
volatilises  below  0°  :  this  a  hydrate,  H20,2CBo ;  it  easily  decomposes  into  water  ajid 
carbon  bisulphide.  It  is  formed  in  the  above  experiment  by  the  moisture  held  in  the 
air  passed  tlirough  the  carbon  bisulphide,  and  the  fall  of  temperature. 

^^  Strong  alcohol  is  miscible  in  all  proportions  with  carbon  bisulpliide,  but  dilute 
alcohol  only  in  a  definite  amount,  owing  to  its  diminished  solubility  from  the  presence  of 
the  water  in  it.  Ether,  hydrocarbons,  fatty  oils,  and  many  other  organic  substances  are 
soluble  with  great  ease  in  carbon  bisulphide.     This  is  taken  advantage  of  in  practice  for 
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Carbon  bisulphide  enters  into  many  combinations,  which  are  fre- 
quently closely  analogous  to  the  compounds  of  carbonic  anhydride.  In 
this  respect  it  is  a  thio-anhydride — i.e.  it  has  the  character  of  the  acid 
anhydrides,^'  '"'^  like  carbonic  anhydride,  with  the  difference  that  the 
oxygen  of  the  latter  is  replaced  by  sulphur.  By  thio-compounds  in 
general  are  understood  those  compounds  of  sulphur  which  differ  from 
the  compounds  of  oxygen  as  carbon  bisulphide  does  from  carbonic 
anhydride — that  is,  which  correspond  with  the  oxygen  compounds,  but 
with  substitution  of  sulphur  for  oxygen.  Thus  thiosulphuric  acid  is 
mono-thiosulphuric  acid — that  is,  sulphuric  acid  in  which  one  atom 
of  sulphur  replaces  one  atom  of  oxygen.  With  the  sulphides  of  the 
alkalis  and  alkaline  earths,  it  forms  saline  substances  corresponding 
with  the  carbonates,  and  these  compounds  may  be  termed  thio-car- 
honates.  For  example,  the  composition  of  the  sodium  salt  Na.2CS3  is 
exactly  like  that  of  sodium  carbonate.  They  are  formed  by  the  direct 
solution  of  carbon  bisulphide  in  aqueous  solutions  of  the  sulphides  ;  but 
they  are  difficult  to  obtain  in  a  crystalline  form,  because  they  are  easily 
decomposable.  When  the  solutions  of  these  salts  are  highly  concen- 
trated they  begin  to  decompose,  with  the  evolution  of  sulphuretted 
hydrogen  and  the  formation  of  a  carbonate,  water  taking  part  in  the 
reaction — for  example,  K.jCSj  +  3H2O  ;=  K2CO3  -f  SHjS.'''' 

extracting  the  fatty  oils  from  vegetable  seeds,  such  as  linseed,  palm-nuts,  or  from  bones,  &c. 
The  preparation  of  vegetable  oils  is  usually  done  by  pressing  the  seeds  under  a  press, 
but  the  residue  always  contains  a  certain  amount  of  oil.  These  traces  of  oil  can, 
however,  be  removed  by  treatment  with  carbon  bisulphide.  In  this  manner  a  solution 
is  obtained  which  when  heated  easily  parts  with  all  the  carbon  bisulphide,  leaving  the 
non-volatile  fatty  oil  behind,  so  that  the  same  carbon  bisulphide  may  be  condensed  and 
used  over  again  for  the  same  purpose.  It  also  dissolves  iodine,  bromine,  indiarubber, 
sulphur,  and  tars. 

Carbon  bisulphide,  especially  at  liigh  temperatures,  very  often  acts  by  its  elements 
in  a  manner  in  which  carbon  and  sulphm*  alone  are  uot  able  to  react,  which  will  be 
understood  from  what  has  been  said  above  respecting  its  endothermal  origin.  If  it  be 
passed  over  red-hot  metals — even  over  copper,  for  instance,  not  to  mention  sodium,  &c. — 
it  forms  a  sulphide  of  the  metal  and  deposits  charcoal,  and  if  the  vapour  be  passed  over 
incandescent  metallic  oxides  it  forms  metallic  sulphides  and  carbonic  anhydride  (and 
sometimes  a  certain  amount  of  sulphurous  anhydride).  Lime  and  similar  oxides  give 
under  these  circumstances  a  carbonate  and  a  sulphide — for  example,  CS.>  +  3CaO  =  2CaS 
-l-CaC05.  The  sulphides  obtained  by  this  means  are  often  well  crystallised,  like  those 
found  in  nature — for  example,  lead  and  antimony  sulphides. 

75  bis  Aii(J  just  as  COCI2  corresponds  to  CO.i,  so  also  the  cliloranhydride,  CSCI2,  or 
fhiopJtosgene,  coiTespouds  to  CSo. 

''^  If  instead  of  a  sulphide  we  take  an  alkali  hydroxide,  a  thiocarbonate  is  also 
formed,  together  with  a  carbonate— thus,  SBaH..aj  +  3CS2  =  2BaCS3-hBaC03-F8H20. 
From  the  instability  of  the  thiocarbonates  of  the  alkaline  metals  we  can  clearly 
see  the  reason  of  the  difficulty  with  which  the  salts  of  the  heavier  metals  are  fonned, 
whose  basic  properties  are  incomparably  weaker  than  those  of  the  alkali  metals.  How- 
ever, these  salts  may  be  obtained  by  double  decomposition.  Ammonia  in  reacting  on 
carbon  bisulphide  gives,  besides  products  like  those  formed  by  other  alkalis,  a  whole 
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A  remarkable  example^''  i"*^  of  the  thio-compounds  is  found  in  thio- 
cyanic  acid — i.e.  cyanic  acid  in  -which  the  oxygen  is  replaced  by 
sulphur,  HCNS.  We  know  (Chapter  IX.)  that  with  oxygen  the 
cyanides  of  the  alkaline  metals  RON  give  cyanates  RCNO  ;  but  they 

series  of  products  of  as  complex  a  structure  as  those  substances  which  are  produced  by 
the  action  of  carbonic  anhydride  on  ammonia.  In  the  ninth  chapter  we  examined  the 
formation  of  the  ammonium  carbonates,  and  saw  the  transition  from  them  into  the 
cyanides.  It  is  not  surprising  after  this  that  the  action  of  carbon  bisulphide  on 
ammonia  not  only  produces  the  above-mentioned  salts,  but  also  amidic  compounds 
corresponding  with  them,  in  which  the  oxygen  is  wholly  or  partially  replaced  by  sulphur. 
Thus  ammonium  dithiocarbamate  is  very  easily  obtained  if  carbon  bisulphide  be  added  to 
an  alcoholic  solution  of  ammonia,  and  the  mixture  cooled  in  a  closed  vessel.  The  salt 
then  sex^arates  out  in  minute  yellow  crystals,  CNsHgSo. 

Carbon  bisulphide  not  only  forms  compounds  with  the  metallic  sulphides,  but  also 
with  sulphuretted  hydrogen — that  is,  it  forms  iliiocarhonic  acid,  H.^CSj.  This  is 
obtained  by  carefully  mixing  solutions  of  thiocarbonates  with  dilute  hydrochloric  acid. 
It  then  separates  in  an  oily  layer,  which  easily  decomposes  in  the  presence  of  water  into 
sulphuretted  hydrogen  and  carbon  bisulphide,  just  as  the  corres]ponding  carbonic  acid* 
(hydrate)  decompioses  into  water  and  carbonic  anhydride.  Carbon  bisuli^hide  combines 
not  only  with  sodium  snlphide,  but  also  with  the  bisulphide,  NaoSo,  not,  however,  with 
the  trisulphide,  NaoSs. 

The  relation  of  carbon  bisulphide  to  the  other  carbon  compounds  presents  many 
most  interesting  features  which  are  considered  in  organic  chemistry.  We  will  here 
only  turn  our  attention  to  one  of  the  compounds  of  this  class.  Ethyl  sulphide,  (CoH5)2S, 
combines  with  ethyl  iodide,  C2H5I,  forming  a  new  molecule,  S(C2H5)5l.  If  we  desig- 
nate the  hydrocarbon  group,  for  instance  ethyl,  CoHj,  by  Et,  the  reaction  would  be 
expressed  by  the  following  equation  :  Et2S-t-EtI=SBt5l.  This  compound  is  of  u  saline 
character,  corresiDonds  with  salts  of  the  alkalis,  and  is  closely  analogous  to  ammonium 
chloride.  It  is  soluble  in  water ;  when  heated  it  again  splits  up  into  its  components 
EtI  and  Et.^S,  and  with  silver  hydroxide  gives  a  hydroxide,  EtjS'OH,  having  the 
property  of  a  distinct  and  energetic  alkali,  resembling  caustic  ammonia.  Thus  the 
compound  group  SEtj  combines,  like  potassium  or  ammonium,  with  iodine,  hydroxyl, 
chlorine,  &o.  The  hydroxide  SEts-OH  is  soluble  in  water,  precipitates  metalHc  salts, 
saturates  acids,  ito.  Hence  sulphur  here  enters  into  a  relation  towards  other  elements 
sunilar  to  that  of  nitrogen  in  ammonia  and  aimnonium  salts,  with  only  this  difference, 
that  nitrogen  retains,  besides  iodine,  hydroxyl,  and  other  groups,  also  H4  or  Et.,  (for 
example,  NH4CI,  NEtsHI,  NBt.iI),  whilst  sulphur  only  retains  Et-.  Compounds  of  the 
formula  SH^X  are  however  unknown,  only  the  products  of  substitution  SEtjX,  &c.  are 
known.  The  distinctly  alkaline  properties  of  the  hydroxide,  triethylsulphine  hydroxide, 
SEtsOH,  and  also  the  sharply-defined  properties  of  the  corresponding  hydroxide, 
tetraethylammonium  hydroxide,  NBtiOH,  depend  naturally  not  only  on  the  properties 
of  the  nitrogen  and  sulphur  entering  into  their  composition,  but  also  on  the  large  pro- 
portion of  hydrocarbon  groups  they  contain.  Judging  from  the  existence  of  the  ethyl- 
sulpliine  compounds,  it  might  be  imagined  that  sulphur  forms  a  compound,  SH.,,  with 
hydrogen  ;  but  no  such  compound  is  known,  just  as  NII5  is  unknown,  although  NH4CI 
exists. 

■Hbis  Xhorpe  and  Rodger  (1889),  by  heating  amixture  of  lead  fluoride  and  phosphorus 
pentasulphide  to  250°  in  an  atmosphere  of  dry  nitrogen,  obtained  gaseous  j'hospliorus 
fluosulphide,  or  thiophosphoryl  fluoride,  PSP3,  corresponding  with  POCI3.  This 
colourless  gas  is  converted  into  a  colourless  liquid  by  a  pressure  of  eleven  atmospheres  ; 
it  does  not  act  on  dry  mercury,  and  takes  fire  spontaneously  in  air  or  oxygen,  forming 
phosphorus  pentafluoride,  phosphoric  anhydride,  and  sulphurous  anhydride.  It  is 
soluble  in  ether,  but  is  decomposed  by  water:  PSP3-t-4H20  =  H2S-Fll5P04  4-8HF 
(Note  20). 
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also  combine  with  sulphur,  and  therefore  if  yellow  prussiate  of  potash 
be  treated  as  in  the  preparation  of  potassium  cyanide,  and  sulphur  be 
added  to  the  mass,  potassium  thiocyanate,  KXCS,  is  obtained  in 
solution.  This  salt  is  much  more  stable  than  potassium  cyanate  ;  it 
dissolves  without  change  in  water  and  alcohol,  forming  colourless 
solutions  from  which  it  easily  crystallises  on  evaporation.  It  may  be 
kept  exposed  to  air  even  when  in  solution  ;  in  dissolving  in  water  it 
absorbs  a  considerable  amount  of  heat,  and  forms  a  starting-point  for 
the  preparation  of  all  the  thiocyanates,  RONS,  and  organic  compounds 
in  which  the  metals  are  replaced  by  hydrocarbon  groups.  8uch,  for 
example,  is  volatile  mustard  oil,  C3H5CSN  (allyl  thiocyanate)," '  which 
gives  to  mustard  its  caustic  properties.  With  ferric  salts  the  thiocyanates 
give  an  exceedingly  brilliant  red  coloration,  which  serves  for  detecting 
the  smallest  traces  of  ferric  salts  in  solution.  Thiocyanic  acid,  HCNS, 
may  be  obtained  by  a  method  of  double  decomposition,  by  distilling 
potassium  thiocyanate  with  dilute  sulphuric  acid.  It  is  a  volatile 
colourless  liquid,  having  a  smell  recalling  that  of  vinegai',  is  soluble  in 
water,  and  may  be  kept  in  solution  without  change.^-^  '''^ 

The  sulphur  compounds  of  chlorine  Clj  S  and  CUS.,  may  be  regarded 
on  the  one  hand  as  products  of  the  metalepsis  of  the  sulphides  of 
hydrogen,  HjS  and  II2S2  ;  and  on  the  other  hand  of  the  oxygen  com- 
pounds of  chlorine,  because  chloride  of  sulphur,  CljiS,  resembles  chlorine 
oxide,  CLO,  whilst  CljS.^  corresponds  with  the  higher  oxide  of  chlorine  ; 
or  thirdly,  we  may  see  in  these  compounds  the  type  of  the  acid  chloran- 
hydrides,  because  they  are  all  decomposed  by  water,  forming  hydrochloric 

'5  Although  mustard  oil  may  be  obtained  from  the  thiocyanates,  it  is  only  an  isomer 
of  allyl  thiocyanate  proper,  as  is  explained  in  Organic  Chemistry. 

75  bis  Sulphur  can  only  replace  half  the  oxygen  in  C0.>,  as  is  seen  in  ca  rbon  oxi/sulphide, 
or  monothiocarbonic  anhydride  COS.  This  substance  was  obtained  by  Than,  and  is 
formed  in  many  reactions.  A  certain  amount  is  obtained  if  a  mixture  of  carbonic  oxide 
and  the  vapour  of  sulphur  be  passed  through  a  red-hot  tube.  "When  carbon  tetracliloride 
is  heated  with  sulphurous  anhydride,  this  substance  is  also  formed  ;  but  it  is  best  obtained 
in  a  pure  form  by  decomposing  potassium  thiocyanate  with  a  mixture  of  equal  volumes 
of  water  and  sulphuric  acid.  A  gas  is  then  evolved  containing  a  certain  amount  of 
hydrocyanic  acid,  from  which  it  may  be  freed  by  passing  it  nver  wool  containing 
moistened  mercuric  oxide,  which  retains  the  hydrocyanic  acid.  The  reaction  is  exjjressed 
by  the  equation:  2KCNS-l-2B[,S04-f2H.,0  =  KoS04-h(NH,).,S04-l-2COS.  It  is  also 
formed  by  passing  the  vapour  of  carbon  bisulphide  over  alumina  or  clay  heated  to 
redness  (Gautier;  silicon  sulphide  is  then  formed).  COS  is  also  fonned  by  passing 
phosgene  over  a  long  layer  of  asbestos  mixed  with  sodium  sulphide  at  270°  ;  CdS  +  COCI5 
=  CdCl,-fCOS  (Nurics^n,  1892).  The  pure  gas  has  an  aromatic  odour,  is  soluble  in  an 
equal  volume  of  water,  which,  however,  acts  on  it,  so  that  it  must  be  collected  over 
mercury.  When  slightly  heated,  carbon  oxysulphide  decomposes  into  sulphur  and 
carbonic  oxide.  It  burns  in  air  with  a  pale  blue  flame,  explodes  with  oxygen,  and  yields 
potassium  sulphide  and  carbonate  with  potassium  hydroxide:  COS  +  4KHO  =  K2C05 
4-K„S  +  2H„0. 
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acid,  and  sulphur  tetrachloride,  SCI4,  is  decomposed  with  the  formation 
oil  sulphurous  anhydride.^'' 

The  compounds  of  sulphur  with  chlorine  are  prepared  in  the 
apparatus  depicted  in  fig.  91.  As  sulphur  chloride  is  decomposed  by 
water,  the  chlorine  evolved  in  the  flask  C  must  be  dried  before  coming 
into  contact  with  the  sulphur.  It  is  therefore  first  passed  through  a 
Woulfe's  bottle,  B,  containing  sulphuric  acid,  and  then  through  the 
cylinder  D  containing  pumice  stone  moistened  with  sulphuric  acid,  and 
then  led  into  the  retort  E,  in  which  the  sulphur  is  heated.  The  com- 
pound which  is  formed  distils  over  into  the  receiver  R.  A  certain 
amount  of  sulphur  passes  over  with  the  sulphur  chloride,  but  if  the 
resultant  distillate  be  re-saturated  with  chlorine  and  distilled  no  free 


.^z*? 


Fig.  91. — Apparatus  for  the  preparation  of  sulphur  chloride,  and  similar  volatile  compounds 
prepared  by  combustion  in  a  stream  of  chlorine. 

sulphur   remains,  the   boiling-point   rises  to  144°,  and   pure   sulphur 

chloride,  S2CI2,  is  obtained.     It  has  this  formula  because  its   vapour 

density  referred  to  hydrogen  is  68.     It  is  also   obtained    by  heating 

certain  metallic  chlorides  (stannous,  mercuric)  with  sulphur  ;  both  the 

^^  There  is  no  reason  for  seeing  any  contradiction  or  mutual  incompatibility  in  these 
three  views,  because  every  analogy  is  more  or  less  modified  by  a  change  of  elements. 
Thus,  for  instance,  it  cannot  be  expected  that  the  product  of  the  metalepsis  of  hydrogen 
sulphide  would  resemble  the  corresponding  products  of  water  in  all  respects,  because 
water  has  not  the  acid  properties  of  hydrogen  sulphide.  In  the  days  of  dualism  and 
electrical  polarity  it  was  supposed  that  the  sulphur  varied  in  its  nature  :  in  hydrogen 
sulphide  or  potassium  sulphide  it  was  considered  to  be  negative,  and  in  sulphurous 
anhydride  or  sulphur  dicliloride  positive.  It  then  appeared  evident  that  sulphur 
dichloride  would  have  no  point  of  analogy  with  potassium  sulphide.  But  metaleiosis,  or 
its  expression  in  the  law  of  substitution,  necessitates  such  opinions  being  laid  aside.  If 
we  can  compare  CO,,  CHj,  CCI4,  CHCI3,  CH3(0H)  with  each  other,  we  cannot  recognise 
any  difference  in  the  sulphur  in  SH2,  SCl^,  SK,,  or  in  general  SX.,,  for  otherwise  we 
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metal  and  chlorine  then  combine  with  the  sulphur.  Sulphur  chloride 
is  a  yellowish-brown  liquid,  which  boils  at  144°,  and  has  a  specific  gra- 
vity of  1  *70  at  0°-  It  fumes  strongly  in  the  air,  reacting  on  the  moisture 
contained  therein,  and  has  a  hea\y  chloranhydrous  odour.  It  dissolves 
sulphur,  is  miscible  with  carbon  bisulphide,  and  falls  to  the  bottom  of  a 
vessel  containing  water,  by  which  it  is  decomposed,  forming  sulphurous 
anhydride  and  hydrochloric  acid  ;  but  it  first  forms  various  lower 
stages  of  oxidation  of  sulphur,  because  the  addition  of  silver  nitrate  to 
the  solution  gives  a  black  precipitate.  With  hydrogen  sulphide  it  gives 
sulphur  and  hydrochloric  acid,  and  it  reacts  directly  with  metals — 
especially  arsenic,  antimony,  and  tin — forming  sulphides  and  chlorides. 
In  the  cold,  it  absorbs  chlorine  and  gives  sulphur  dicJJaride,  8OI2.  The 
entire  conversion  into  this  substance  requires  the  prolonged  passage  of 
dry  chlorine  through  sulphur  chloride  surrounded  by  a  freezing  mixture. 
The  distillation  of  the  dichloride  must  be  conducted  in  a  stream  of 
chlorine,  as  otherwise  it  partially  decomposes  into  sulphur  chloride  and 

should  have  to  acknowledge  as  many  different  states  of  sulphur,  carbon,  or  hydrogen  as 
there  are  compounds  of  sulphur,  carbon,  or  hydrogen.  The  essential  truth  of  the  matter 
is  that  all  the  elements  in  a  molecule  play  their  part  in  the  reactions  into  which  it  enters. 
Often  this  appears  to  be  contradicted  in  the  result — for  example,  hydrogen  alone  may 
be  replaced;  but  it  is  not  this  hydrogen  alone  that  has  determined  the  reaction;  all 
the  elements  present  have  participated  in  it.  This  may  be  made  clearer  by  the 
following  rough  illustration.  Supposing  two  regiments  of  soldiers  were  fighting  against 
each  other,  and  that  several  men  were  lost  by  one  of  the  regiments  ;  no  one  could  say  that 
it  was  only  these  men  who  took  part  in  the  engagement.  The  other  men  fired  and  the 
bullets  fiew  over  the  heads  of  their  opponents.  It  was  not  only  those  who  fell  who 
fought,  although  they  only  were  removed  from  the  field  of  battle  ;  the  fighting  proceeded 
among  the  masses,  but  only  those  few  were  disabled  who  went  forward  and  were  more 
conspicuous  &c. ;  not  that  the  remainder  did  not  take  part  in  the  action;  they  also 
fought  and  were  an  object  of  attack,  only  they  remained  sound  and  unhurt.  Hydrogen 
is  lighter  than  other  elements  and  its  atoms  more  mobile ;  it  subjects  itself  more  frequently 
and  easily  to  reactions  ;  but  it  is  not  it  alone  wliich  reacts,  it  is  even  leas  liable  to  attack 
than  other  elements.  It  participates  in  exceedingly  diverse  reactions,  not  indeed  because 
the  hydrogen  itself  varies,  but  because  one  atom  of  it  puts  itself  forward,  another  is 
hidden,  one  is  united  with  carbon,  another  feebly  held  by  sulphur,  one  stands  or  moves 
in  the  neighbourhood  of  oxygen,  another  is  joined  to  a  hydrocarbon.  All  hydrogen  atoms 
are  equal,  and  equally  serve  as  an  object  of  attack  for  the  atoms  of  molecules  encountering 
them,  but  those  only  are  removed  from  the  sphere  of  action  which  are  nearer  the  surface  of 
a  molecule,  which  are  more  mobile,  or  held  by  a  less  sum  of  forces.  So  also  sulphui'  is 
one  and  the  same  in  sulphur  dichloride,  in  sulphurous  or  sulphuric  anhydride,  in 
hydrogen  sulphide,  in  potassium  sulj)hide,  but  it  reacts  differently,  and  those  elements 
which  are  with  it  also  vary  in  their  reactions  because  they  are  with  it,  and  it  varies  its 
reactions  because  it  is  with  them.  It  is  possible  to  seize  on  a  character  common  to 
substances  quantitatively  and  qualitatively  analogous  to  each  other.  It  may  be  admitted 
that  an  element  in  certain  forms  is  not  able  to  enter  into  reactions  into  which  in  other 
forms  it  enters  willingly,  if  only  the  requisite  conditions  are  encountered ;  but  it  must 
not  therefore  be  concluded  that  an  element  changes  its  essential  quality  in  these 
different  cases.  The  preceding  remarks  touch  on  questions  which  are  subject  to  much 
argument  among  chemists,  and  I  mention  them  here  in  order  to  show  the  treatment  of 
those  most  imj)ortant  problt-ms  of  chemistry  which  lie  at  the  basis  of  this  treatise. 
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chlorine.  Pure  sulphur  dichloride  is  a  reddish-brown  liquid,  which 
resembles  the  lower  chloride  in  many  respects  ;  its  specific  gravity  is 
1-62  ;  its  odour  is  more  suffocating  than  that  of  sulphur  chloride  ;  it 
volatilises  at  64°.^' 

Thionyl  chloride,  SOCI.2,  may  be  regarded  as  oxidised  sulphur 
dichloride  ;  it  corresponds  with  sulphur  chloride,  SgClj,  in  which  one 
atom  of  sulphur  is  replaced  by  oxygen.  At  the  same  time  it  is  chlorine 
oxide  (hypochlorous  anhydride,  CljO)  combined  with  sulphur,  and  also 
the  chloranhydride  of  sulphurous  acid — that  is,  S0(H0)2,  in  which  the 
two  hydroxyl  groups  are  replaced  by  two  atoms  of  chlorine,  or  sulphu- 
rous anhydride,  SO2,  in  which  one  atom  of  oxygen  is  replaced  by  two 
atoms  of  chlorine.  All  these  representations  are  confirmed  by  reactions 
of  formation,  or  decompositions  ;  they  all  agree  with  our  notions  of  the 
other  compounds  of  sulphur,  oxygen,  and  chlorine  ;  hence  these  defini- 
tions are  not  contradictory  to  each  other.  Thus,  for  instance,  thionyl 
chloride  was  first  obtained  by  Schiff,  by  the  action  of  dry  sulphurous 
anhydride  on  phosphorus  pentachloride.  On  distilling  the  resultant 
liquid,  thionyl  chloride  comes  over  first  at  80°,  and  on  continuing 
the  distillation  phosphorus  oxychloride  distils  over  at  above  100°, 
PCI, -|-iS02=POCl3-f-SOCl2.  This  mode  of  preparation  is  direct  evi- 
dence of  the  oxychloride  character  of  SOCI2.  Wiirtz  obtained  the  same 
substance  by  passing  a  stream  of  chlorine  oxide  through  a  cold  solution 
of  sulphur  in  sulphur  chloride  ;  the  chlorine  oxide  then  combined  directly 
with  the  sulphur,  S  -I-  OljO^SOClj,  whilst  the  sulphur  chloride  remained 
unchanged  (sulphur  cannot  be  combined  directly  with  chlorine  oxide,  as 
an  explosion  takes  place).  Thionyl  chloride  is  a  colourless  liquid,  with 
.a  suffocating  acrid  smell ;  it  has  a  specific  gravity  at  0°  of  1  •dlb,  and  boils 

'^  The  observed  vapour  density  of  sulphur  dicliloride  referred  to  hydrogen  is  53"3, 
and  that  given  by  the  formula  is  51'5.  The  smaller  molecular  weight  explains  its  boiling 
point  being  lower  than  that  of  sulphur  chloride,  S2CI2.  The  reactions  of  both  these 
compounds  are  very  similar.  Sulphur  converts  the  dichloride,  SCI.2,  into  the  mono- 
chloride,  SoClo.  lo  one  point  the  dichloride  differs  distinctly  from  the  monochloride — 
that  is,  in  its  capacity  for  easily  giving  up  chlorine  and  decomposing.  Even  light  de- 
composes it  into  chlorine  and  the  monochloride.  Hence  it  acts  on  many  substances  in 
the  same  manner  as  chlorine,  or  substances  which  easily  part  with  the  latter,  such  as 
phosphoric  or  antimonic  chloride.  In  distinction  to  these,  however,  siilphur  dichloride 
would  appear  to  distil  without  any  considerable  decomposition,  judging  by  the  vapour 
density.  But  this  is  not  a  valid  conclusion,  for  if  there  be  a  decomposition,  then 
23Cl2=S2Clij-l-Cl2;  now  the  density  of  sulphur  chloride  =  67'6,  and  of  chlorine  =  35'5, 
and  consequently  a  mixture  of  equal  volumes  of  the  two  =  51*5,  just  the  same  as  an 
equal  volume  of  sulphur  dichloride.  Therefore  the  distillation  of  sulphur  dichloride 
is  probably  nothing  hut  its  decomposition.  Hence  the  compound  SCI2,  which  is  stable 
at  the  ordinary  temperature,  decomposes  at  64°.  In  the  cold  it  absorbs  a  further  amount 
of  chlorine,  corresponding  to  SCI4,  but  even  at  —10°  a  portion  of  the  absorbed  chlorine 
is  given  off — that  is,  dissociation  takes  place.  Thus  the  tetrachloride  is  even  less  stable 
than  the  dichloride. 
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at  78°.  It  sinks  in  water,  by  which  it  is  immediately  decomposed,  like 
all  ohloranhydrides — for  example,  like  carbonyl  chloride,  which  corre- 
sponds with  "it  :  SOCl2-|-H20=SO,  +  2HCl."Ws 

Normal  mdphuric  acid  has  two  corresponding  chloranliydride.i  ;  the 
first,  S02(0H)C1,  is  sulphuric  acid,  S(!)o(HO).,,  in  which  one  equivalent 
of  HO  is  replaced  by  chlorine  ;  the  second  has  the  composition  8O2CI2 — 
that  is,  two  HO  groups  are  substituted  by  two  of  chlorine.  The  second 
chloranhydride,  or  the  compound  SO2CI2,  is  called  sulphuryl  chloride, 
and  the  first  chloranhydride,  SOjHOCl,  may  be  called  chlorosulphonic 
acid,  because  it  is  raally  an  acid  ;  it  still  retains  one  hydroxyl  of  sul- 
phuric acid,  and  its  corresponding  salts  are  known.  Thus,  potassium 
chloride  absorbs  the  vapour  of  sulphuric  anhydride,  forming  a  salt, 
SC)3KC1,  corresponding  with  SO3HCI  as  acid.  In  acting  on  sodium 
chloride  it  forms  hydrochloric  acid  and  the  salt  NaSOjOl.  This  first 
chloranhydride  of  sulphuric  acid,  yOoHOCl,  discovered  by  Williamson, 
is  obtained  either  by  the  action  of  phosphorus  pentachloride  on  sulphuric 
acid  (PCI5  +  H2SO4 =P0Cl3  +  HCl  +  HSO3CI),  or  directly  by  the  action 
of  dry  hydrochloric  acid  on  sulphuric  anhydride,  SOg-f  HC1  =  HS03C1. 
The  most  easy  and  rapid  method  of  its  formation  is  by  direct  saturation 
of  cold  Nordhausen  acid  with  dry  hydrochloric  acid  gas  (SO3  +  HCI 
=  HS03C1),  and  distillation  of  the  resultant  solution  ;  the  distillate 
then  contains  HSO3CI.  It  is  a  colourless  fuming  liquid,  having  an  acrid 
odour;  it  boils  at  153°  (according  to  my  determination,  confirmed  by 
Konovalofi'),  and  its  specific  gravity  at  19°  is  1'776.  It  is  immediately 
decomposed  by  water,  forming  hydrochloric  and  sulphuric  acids,  as 
should  be  the  case  with  a  true  chloranhydride.  In  the  reactions  of 
this  chloranhydride  we  fiiid  the  easiest  means  of  introducing  the 
sulphonic  group  HSO3  into  other  compounds,  because  it  is  here  combined 
with  chlorine.  The  second  chloranhydride  of  sulphuric  acid,  or  sulphuryl 
chloride,  8O2CI2,  was  obtained  by  Regnault  by  the  direct  action  of  the 
sun's  ray  on  a  mixture  of  equal  volumes  of  chlorine  and  sulphurous 
oxide.  The  gases  gradually  condense  into  a  liquid,  combining  together 
as  carbonic  oxide  does  with  chlorine.  It  is  also  obtained  when  a  mix- 
ture of  the  two  gases  in  acetic  acid  is  allowed  to  stand  for  some  time. 
The  first  chloranhydride,  SO3HOI,  decomposes  when  heated  at  200°  in 
a  closed  tube  into  sulphuric  acid  and  sulphuryl  chloride.  It  boils  at 
70°,  its  specific  gravity  is  1'7,  it  gives  hydrochloric  and  sulphuric  acids 
with  water,  fumes  in  the  air,  and,  judging  by  its  vapour  density,  does 
not  decompose  when  distilled.^* 

77  bis  Hartog  and  Sims  (1893)  obtained  thionyl  bromide,  SOBr.^,  by  treating  SOClu 
with  sodium  bromide ;  it  is  a  red  liquid,  sp.  gr.  2-62,  and  decomposes  at  150°. 

''  Pyrosulphuryl  chloride,  S^OjClo.  See  Note  44.  Thorpe  and  Kirman,  by  treating 
SO5  with  HF,  obtained  S02(0H)F,  as  a  liquid  boiling  at  163°,  but  which  decomposed  with 
greater  facility  and  then  gave  SOjF.,. 
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In  the  group  of  the  halogens  we  saw  four  closely  analogous  elements 
— fluorine,  chlorine,  bromine,  and  iodine — and  we  meet  with  the  same 
number  of  closely  allied  analogues  in  the  oxygen  group  ;  for  besides 

The  acids  of  sulphur  naturally  have  their  corresponding  ammonium  salts,  and  the 
latter  their  amides  and  nitriles.  It  will  be  readily  understood  how  vast  a  field  for 
research  is  presented  by  the  series  of  compounds  of  sulphur  and  nitrogen,  if  we  only  re- 
member that  to  carbonic  and  formic  acids  there  corresponds,  as  we  saw  (Chapter  IX.),  a 
vast  series  of  derivatives  corresponding  with  their  ammonium  salts.  To  sulphuric  acid 
there  correspond  two  ammonium  salts,  S0.j(H0)(NH40)  and  S02(NH40)2 ;  three 
amides:  the  acid  amide  S0o(H0)(NH2),  or  sulphamic  acid,  the  normal  saline  compound 
S02(NH.iO)(NH2),  or  ammonium  sulphamate,  and  the  noiTaal  amide  SO. 1(^11.2) -2,  or  sul- 
phamide  (the  analogue  of  urea) ;  then  the  acid  nitrile,  SON(HO),  and  two  neutral 
nitriles,  S0N(NH2)  and  SN2.  There  are  similar  compounds  corresponding  with  sul- 
phurous acid,  and  therefore  its  nitriles  will  be,  an  acid,  SN(HO),  its  salt,  and  the  normal 
compound,  SN(NH2).  Dithionic  and  the  other  acids  of  sulphur  should  also  have  their 
corresponding  amides  and  nitriles.  Only  &■  few  examples  are  known,  which  we  will 
briefly  describe.  Sulphuric  acid  forms  salts  of  very  great  stability  with  ammonia,  and 
ainmonium  sulphate  is  one  of  the  commonest  ammoniacal  compounds.  It  is  obtained 
by  the  direct  action  of  ammonia  on  sulphuric  acid,  or  by  the  action  of  the  latter  on 
ammonium  carbonate;  it  separates  from  its  solutions  in  an  anhydrous  state,  like 
potassium  sulphate,  with  which  it  is  isomorphous.  Hence,  the  composition  of  crystals 
of  ammonium  sulphate  is  (NH4)2S04.  This  salt  fuses  at  140°,  and  does  not  undergo 
any  change  when  heated  up  to  180°.  At  higher  temperatures  it  does  not  lose  water,  bat 
parts  with  half  its  ammonia,  and  is  converted  into  the  acid  salt,  HNH4S0_i ;  and  this 
acid  salt,  on  further  heating,  undergoes  a  further  decomposition,  and  splits  up  into 
nitrogen,  water,  and  acid  ammonium  sulphite,  HNH4SO,5.  At  the  ordinary  temperature 
the  normal  salt  is  soluble  in  twice  its  weight  of  water  and  at  the  boiling-point  of  water  in 
an  equal  weight.  In  its  faculty  for  combinations  tliis  salt  exhibits  a  great  resemblance 
to  potassimn  sulphate,  and,  like  it,  easily  forms  a  number  of  double  salts;  the  most 
remarkable  of  which  are  the  ammonia  almns,  NH4AlS20g,12H20,  and  the  double  salts 
formed  by  the  metals  of  the  magnesium  group,  having,  for  example,  the  composition 
(NH4)2MgS208,6H20.  Ammonium  sulphate  does  not  give  an  amide  when  heated, 
perhaps  owing  to  the  faculty  of  sulphuric  anhydride  to  retain  the  water  combined  with 
it  with  great  force.  But  the  amides  of  sulphuric  acid  may  be  very  conveniently  prepared 
from  sulphuric  anhydride.  Their  formation  by  tliis  method  is  very  easily  understood 
because  an  amide  is  equal  to  an  ammonium  salt  less  water,  and  if  the  anhydride  be 
taken  it  will  give  an  amide  directly  with  ammonia.  Thus,  if  dry  ammonia  be  i:)assed  into 
a  vessel  surrounded  by  a  freezing  mixture  and  containiug  sulphuric  anhydride,  it  forms 
a  white  powdery  mass  called  sulx^hatammon,  having  the  composition  S0-,'2H5N,  and  resem- 
bling the  similar  compound  of  carbonic  acid,  C02,2NH5.  This  substance  is  naturally  the 
ammonium  salt  of  sulphamic  acid,  S02(NH40}NH2.  It  is  slowly  acted  on  by  water,  and 
may  therefore  be  obtained  in  solution,  in  which  it  slowly  reacts  with  barium  chloride, 
which  proves  that  with  water  it  still  forms  ammonium  sulphate.  If  this  substance  be 
carefully  dissolved  in  water  and  evaporated,  it  yields  well-formed  crystals,  whose  solution 
no  longer  gives  a  precipitate  with  barium  chloride.  This  is  not  due  to  the  presence 
of  impurities,  but  to  a  change  in  the  nature  of  the  substance,  and  therefore  Rose  calls 
the  crystalline  modi^ca^iion  2J0,rastdp]iatamvi on.  Platinum  cliloride  only  precipitates 
half  the  nitrogen  as  platinochloride  from  solutions  of  sulphat-  and  parasulphatammon, 
which  shows  that  they  are  ammonium  salts,  S02{NH40)(NH2).  It  may  be  that  the 
reason  of  the  difference  in  the  two  modifications  is  connected  with  the  fact  that  two 
different  substances  of  the  composition  N2H4SO3  are  possible :  one  is  the  amide 
S02(NH2)3  corresponding  with  the  normal  salt,  and  the  other  is  the  salt  of  the  nitrile 
acid  corresponding  with  acid  ammonium  sulphate — that  is,  S0N(0NH4)  corresponds 
with  the  acid  SON  (OH)  =  S02(NH40)0H-  2H2O.    Hence  there  may  here  be  a  difference 
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uitudes  of  their  atomic  weights  and  also  in  the  faculty  of  the  elements 
of  both  groups  for  combining  with  metals.  The  distinct  analogy  and 
definite  degree  of  variance  known  to  us  for  the  halogens,  also  repeat 
themselves  in  the  same  degree  for  the  elements  of  the  oxygen  group. 
Amongst  the  halogens  fluorine  has  many  peculiarities  compared  to 
CI,  Br  and  I  which  are  more  closely  analogous,  whilst  oxygen  differs  in 
many  respects  from  S,  Se,  Te,  which  possess  greater  similarities.  The 
analogy  in  a  quantitative  respect  is  perfect  in  both  cases.  Thus  the 
halogens  combine  with  H,  and  the  elements  of  the  oxygen  group  with 
Hj,  forming  HjO,  HjS,  HjSe,  HjTe.  The  hydrogen  compounds  of 
selenium  and  tellurium  are  acids  like  hydrogen  sulphide.  Selenium, 
by  simple  heating  in  a  stream  of  hydrogen,  partially  combines  with  it 
directly,  but  seleniuretted  hydrogen  is  more  readily  decomposable  by 
heat  than  sulphuretted  hydrogen,  and  this  property  is  still  more 
developed  in  telluretted  hydrogen.  Hydrogen  selenide  and  telluride 
are  gases  like  sulphuretted  hydrogen,  and,  like  it,  are  soluble  in  water, 
form  saline  compounds  with  alkalis,  precipitate  metallic  salts,  are 
obtained  by  the  action  of  acids  on  their  compounds  with  metals,  &c. 
Selenium  and  tellurium,  like  sulphur,  give  two  normal  grades  of  com- 
bination with  oxygen,  both  of  an  acid  character,  of  which  only  the 
forms  corresponding  to  sulphurous  anhydride — namely,  selenious  an- 
hydride, SeO,,  and  tellurous  anhydride,  Te02^^ — are  formed  directly. 

^9  Selenious  anhydride,  SeOo,  is  a  volatile  solid,  which  cirystallises  in  prisms  soluble 
in  water.  It  is  best  procured  by  the  action  of  nitric  acid  on  selenium.  The  well-known 
researches  of  Nilson  (1874)  showed  that  the  salts  of  selenious  acid  easily  form  acid  salts, 
and  are  so  characteristic  in  many  respects  that  they  may  even  serve  for  judging  the 
analogy  of  types  of  oxides.  Thus  the  oxides  of  the  composition  EO  give  normal  salts 
of  the  composition  RSe05,2H20,  where  R  =  Mn,  Co,  Ni,  Cu,  Zn.  The  salts  of  magnesium, 
barium,  and  calcium  contain  a  different  quantity  of  water,  as  do  also  the  salts  of  the 
oxides  R2O5.  We  here  turn  attention  to  the  fact  that  beryllium  gives  a  normal  salt, 
BeSeOjjSHjO,  and  not  a  salt  analogous  to  those  of  aluminium,  scandium,  Soo(Se05)3,H20, 
yttrium,  Y2{SeO,5).2,12H.20,  and  other  oxides  of  the  foi-m  R2O5,  which  speaks  in  favour  of 

•  the  formula  BeO. 

Tellurimts  anhydride  is  also  a  colourless  solid,  which  crystallises  in  octahedra ;  it  also, 
when  heated,  first  fuses  and  then  volatilises.  It  is  insoluble  in  water,  and  the  decompo- 
sition of  its  salts  gives  a  hydrate,  HgTeO^,  which  is  insoluble. 

It  is  a  very  characteristic  circumstance  that  selenious  and  tellurous  anliydrides 
are  very  easily  reduced  to  selenium  and  tellurium.  This  is  not  only  effected  by  metals 
like  zinc,  or  by  sulphuretted  hydrogen,  which  are  powerful  deoxidisers,  but  even  by  sul- 
phurous anhydride,  which  is  able  to  precipitate  selenium  and  tellurium  from  solutions 
of  the  selenites  and  tellurites,  and  even  of  the  acids  themselves,  which  is  taken  advantage 
of  in  obtaining  these  elements  and  separating  them  from  sulphur. 

Sulphuric  acid,  as  we  know,  rarely  acts  as  an  oxidising  agent.  It  is  otherwise  with 
selenic  and  telluric  acids,  H2Se04  and  H^TeOj,  which  are  powerful  oxidising  agents — that 

•  is,  are  easily  reduced  in  many  circumstances  either  into  the  lower  oxide  or  even  to  selenium 
and  tellurium.     A  powerful  oxidising  agent  is  required  in  order  to  convert  selenious  and 
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These  are  both  solids,  obtained  by  the  combustion  of  the  elements 
themselves  and  by  the  action  of  oxidising  agents  on  them.  They  form 
feebly  energetic  acids,  having  distinct  bibasic  properties  ;  however,  a 
characteristic  difference  from  SO^  is  observable  both  in  the  physical 
properties  of  these  compounds  and  in  their  stability  and  capacity  for 
further  oxidation,  just  as  in  the  series  of  the  halogens  already  known  to 
us,  only  in  an  inverse  order  ;  in  the  latter  we  saw  that  iodine  combines 
more  easily  than  bromine  or  chlorine  with  oxygen,  forming  more  stable 
oxygen  compounds,  whereas  here,  on  the  contrary,  sulphurous  anhydride, 

tellurous  anhydrides  into  selenic  and  telluric  anhydrides,  and,  moreover,  it  must  be  em- 
ployed in  excess.  If  chlorine  be  passed  through  a  solution  of  potassium  selenide,  Iv.>Se,  tel- 
luride,  KaTe,  selenite,  K.^iSeO-,  or  tellurite,  IvoTeOs,  it  acts  as  an  oxidiser  in  the  presence  of 
the  water,  forming  potassium  selenate,  K.,Se04,  or  tellurate,  K  oTe04.  The  same  salts  are 
formed  by  fusing  the  lower  oxides  with  nitre.  These  salts  are  isomorphons  with  the 
corresponding  sulphates,  and  cannot  therefore  be  separated  from  them  by  crystallisation. 
The  salts  of  potassium,  sodium,  magnesium,  copper,  cadmium,  tire,  are  soluble  like  the 
sulphates,  but  those  of  barium  and  calcium  are  insoluble,  in  perfect  analogy  with  the  sul- 
phates. AVhen  copper  selenate,  CuSe04,  is  treated  with  sulphuretted  hydrogen  (CuS 
is  precipitated),  seJejiic  acid  remains  in  solution.  On  evaporation  and  drying  in  vacuo 
at  180°  it  gives  a  syrupy  liquid,  which  may  be  concentrated  to  almost  the  pure  acid, 
HoSeO^,  having  a  specific  gravity  of  2"6.  Cameron  and  Macallan  (1891)  showed  that  pure 
H2Se04  only  remains  liquid  in  a  state  of  superfusion  whilst  the  solidified  acid  melts  at 
+  58°,  the  solid  acid  crystallises  well,  its  sp.  gr.  is  then  2'95.  The  hydrate  H2Se04,H20 
melts  at  +  25°.  The  acid  in  it  superfused  state  has  a  sp.  gr.  2-36  and  the  solid  2*63. 
Like  sulphuric  acid  strong  selenic  acid  attracts  moisture  from  the  atmosphere  ;  it  is  not 
decomposed  by  sulphurous  acid,  but  oxidises  hydrochloric  acid  (like  nitric,  chromic, 
and  manganic  acids"),  evolving  chlorine  and  forming  selenious  acid,  H2Se04  +  2HCl 
=  H2Se03  +  HoO  +  Cl2.  Telluric  acid,  H.>Te04,  is  obtained  by  fusing  tellurous  anhydride 
with  potassium  hydroxide  and  chlorate  ;  tlie  solution,  containing  potassium  tellurate, 
is  then  precipitated  with  barium  chloride,  and  the  barium  tellurate,  BaTe04  obtained 
in  the  precipitate  is  decomposed  by  sulphuric  acid.  A  solution  of  telluric  acid 
is  thus  obtained,  which  on  evaporation  yields  colourless  prisms,  soluble  in  water,  and 
containing  TeH204,2H20.  Two  equivalents  of  water  are  driven  off  at  160°  ;  on  further 
heating  the  last  equivalent  of  water  is  expelled,  and  then  oxygen  is  given  off.  It 
also  gives  chlorine  with  hydrochloric  acid,  like  selenic  acid.  Its  salts  also  correspond 
with  those  of  sulphuric  acid.  It  must,  however,  be  remarked  that  telluric  and  selenic 
acids  are  able  to  give  poly-acid  salts  with  much  greater  ease  than  sulphuric  acid.  Thus, 
for  example,  there  are  known  for  telluric  acid  not  only  K.>Te04,5H._,0  and  KHTe04,3H.20, 
but  also  K:HTe04,H2Te04,H20  =  K:2Te04,3H2Te04,2H26.  This  salt  is  easily  obtained 
from  acid  solutions  of  the  preceding  salts  and  is  less  soluble  in  water.  As  selenious  anhy- 
dride is  volatile  and  gives  similar  poly-salts,  it  may  be  surmised  that  selenious,  tellurous, 
selenic,  and  telluric  anhydrides  are  polymeric  as  compared  with  sulphurous  and  sulphuric 
anhydrides,  for  which  reason  it  would  be  desirable  to  determine  the  vapour  density  of 
selenious  anliydride.     It  would  probably  correspond  with  Se^Oj  or  Se.^Og. 

In  order  to  show  the  very  close  analogy  of  selenium  to  sulphur,  I  will  quote  two 
examples.  Potassium  cyanide  dissolves  selenium,  as  it  does  sulphur,  forming  j)otassium 
selenocyanate,  KCNSe,  corresponding  with  potassium  thiocyanate.  Acids  precipitate 
selenium  from  this  solution^  because  selenocyanic  acid,  HaCNSe,  when  in  a  free  state  is 
immediately  decomposed.  A  boiling  solution  of  sodium  sulphite  dissolves  selenium, 
just  as  it  would  sulphur,  forming  a,  salt  analogous  to  thiosulphate  of  sodium,  namely, 
sodium  selenosulphate,  NaoSSeOs-  Selenium  is  separated  from  a  solution  of  this  salt  by 
the  action  of  acid. 
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as  we  know,  is  difficultly  decomposed,  parts  with  its  sulphur  with 
diflSculty,  and  is  easily  oxidised  and  especially  in  its  salts,  while 
selenious  and  tellurous  anhydrides  are  oxidised  with  difficulty  and 
easily  reduced,  even  by  means  of  suljjhurous  acid. 

Selenium  was  obtained  in  1817  by  Berzelius  from  the  sublimate 
which  collects  in  the  first  chamber  in  the  preparation  of  sulphuric 
acid  from  Fahlun  pyrites.  Certain  other  pyrites  also  contain  small 
quantities  of  selenium.  Some  native  selenides,  especially  those  of  lead, 
mercury,  and  copper,  have  been  found  in  the  Hartz  Mountains,  but 
only  in  small  quantities.  Pyrites  and  blendes,  in  which  the  sulphur 
is  partially  replaced  by  selenium,  still  remain  the  chief  source  for  its 
extraction.  When  these  pyrites  are  roasted  they  evolve  selenious 
anhydride,  which  condenses  in  the  cooler  portions  of  the  apparatus  in 
which  the  pyrites  are  roasted,  and  is  partially  or  wholly  reduced  by 
the  sulphurous  anhydride  simultaneously  formed.  The  presence  of 
selenium  in  ores  and  sublimates  is  most  simply  tested  by  heating  them 
before  the  blowpipe,  when  they  evolve  the  characteristic  odour  of  garlic. 
Selenium  exhibits  two  modifications,  like  sulphur  :  one  amorphous 
and  insoluble  in  carbon  bisulphide,  the  other  crystalline  and  slightly 
soluble  in  carbon  bisulphide  (in  1,000  parts  at  45°  and  6,000  at  0°),  and 
separating  from  its  solutions  in  monoclinic  prisms.  If  the  red  preci- 
pitate obtained  by  the  action  of  sulphurous  anhydride  on  selenious 
anhydride  be  dried,  it  gives  a  brown  powder,  having  a  specific  gravity 
of  4' 26,  which  when  heated  changes  colour  and  fuses  to  a  metallic 
mass,  which  gains  lustre  as  it  cools.  The  selenium  acquires  difierent 
properties  according  to  the  rate  at  which  it  is  cooled  from  a  fused 
state  ;  if  rapidly  cooled,  it  remains  amorphous  and  has  the  same  specific 
gravity  (4'28)  as  the  powder,  but  if  slowly  cooled  it  becomes  crystal- 
line and  opaque,  soluble  in  carbon  bisulphide,  and  has  a  specific  gravity 
of  4'80.  In  this  form  it  fuses  at  214°  and  remains  unchanged,  whilst 
the  amorphous  form,  especially  above  80°,  gradually  passes  into  the 
crystalline  variety.  The  transition  is  accompanied  by  the  evolution 
of  heat,  as  in  the  case  of  sulphur  ;  thus  the  analogy  between  sulphur 
and  selenium  is  clearly  shown  here.  In  the  fused  amorphous  form 
selenium  presents  a  brown  mass,  slightly  translucent,  with  a  vitreous 
fracture,  whilst  in  the  crystalline  form  it  has  the  appearance  of  a  grey 
metal,  with  a  feeble  lustre  and  a  crystalline  fracture.'^ '''"     Selenium 

79  bis  Muthman,  in  his  researches  upon  the  allotropic  forms  of  selenium,  pointed  out 
(1889)  a  pecuhar  modification,  which  appears,  as  it  were,  as  a  transition  between 
crystalhne  and  amorphous  selenium.  It  is  obtained  together  with  the  crystalline  variety 
by  slowly  evaporating  a  solution  of  selenium  in  bisulphide  of  carbon,  and  differs  from 
the  crystalline  variety  in  the  form  of  its  crystals ;  it  passes  into  the  latter  modification 
when  heated.  Schultz  also  obtained  selenium  (like  Ag,  see  Chapter  XXIY.)  in  a  soluble 
VOL.  II.  T 
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boils  at  700°,  forming  a  vapour  whose  density  is  only  constant  at  a  tem- 
perature of  about  1,400°,  when  it  is  equal  to  79-4  (referred  to  hydrogen) 
— that  is,  the  molecular  formula  is  then  Sej,  like  sulphur  at  an  equally 
high  temperature. 

Tellurium  is  met  with  still  more  rarely  than  selenium  (it  is  known 
in  Saxony)  in  combination  with  gold,  silver,  lead,  and  antimony  in 
the  so-called  foliated  tellurium  ore.  Bismuth  telluride  and  silver 
telluride  have  been  found  in  Hungary  and  in  the  Altai.  Tellurium  is 
extracted  from  bismuth  telluride  by  mixing  the  finely-powdered  ore 
with  potassium  and  charcoal  in  as  intimate  a  mixture  as  possible, 
and  then  heating  in  a  covered  crucible.  Potassium  telluride,  K2Te, 
is  then  formed,  because  the  charcoal  reduces  potassium  tellurite. 
As  potassium  telluride  is  soluble  in  water,  forming  a  red-brown 
solution  which  is  decomposed  by  the  oxygen  of  the  atmosphere 
(K2Te-f-0  +  H20  =  2KHO  +  Te),  the  mass  formed  in  the  crucible  is 
treated  with  boiling  water  and  filtered  as  rapidly  as  possible,  and  the 
resultant  solution  exposed  to  the  air,  by  which  means  the  tellurium 
is  precipitated.*"  In  a  free  state  tellurium  has  a  perfectly  metallic 
appearance  ;  it  is  of  a  silver-white  colour,  crystallises  very  easily  in 
long  brilliant  needles  ;  is  verj'  brittle,  so  that  it  can  be  easily  reduced 
to  powder  ;  but  it  is  a  bad  conductor  of  heat  and  electricity,  and 
in  this  respect,  as  in  many  others,  it  forms  a  transition  from  the  metals 
to  the  non-metals.  Its  specific  gravity  is  6'18,  it  melts  at  an  incipient 
red  heat,  and  takes  fire  when  heated  in  air,  like  selenium  and  sulphur, 
burning  with  a  blue  flame,  evolving  white  fumes  of  tellurous  anhy- 
dride, TeOj,  and  emitting  an  acrid  smell  if  no  selenium  be  present  ; 
but  if  it  be,  the  odour  of  the  latter  preponderates.  Alkalis  dissolve 
tellurium  when  boiled  with  it,  potassium  telluride,  K^Te,  and  potassium 
tellurite,  KjTeOg,  being  formed.     The  solution  is  of  a  red  colour,  owing 

form,  but  these  researches  are  not  so  conclusive  as  those  upon  soluble  silver,  and  we 
shall  therefore  not  consider  them  more  fully. 

^^  The  tellurium  thus  prepared  is  impure,  and  contains  a  large  amount  of  selenium. 
The  latter  may  be  removed  by  converting  the  mixture  into  the  salts  of  potassium,  and 
treating  this  with  nitric  acid  and  barium  nitrate,  when  barium  selenate  only  is  precipitated, 
whilst  the  barium  tellurate  remains  in  solution.  This  method  does  not,  however,  give  a 
pure  product,  and  it  appears  to  be  best  to  separate  the  selenium  from  the  tellurium  in  a 
metallic  form ;  this  is  done  by  boiling  the  impure  potassium  tellurate  with  hydrochloric 
acid,  which  converts  it  into  potassium  tellurite,  from  which  the  tellurium  is  reduced  by 
sulphurous  anhydride.  The  metal  thus  obtained  is  then  fused  and  distilled  in  a  stream 
of  hydrogen ;  the  selenium  volatilises  first,  and  then  the  tellurium,  owing  to  its  being 
much  less  volatile  than  the  former.  Nevertheless,  tellurium  is  also  volatile,  and  may  be 
separated  in  this  manner  from  less  volatile  metals,  such  as  antimony.  Brauner  deter- 
mined the  atomic  weight  of  pure  tellmiirai,  and  found  it  to  be  12.5,  but  showed  (1889) 
that  tellurium  purified  by  the  usual  method,  even  after  distillation,  contains  a  large 
amount  of  impurities. 
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to  the  presence  of  the  telluride,  KjTe  ;  but  the  colour  disappears  when 
the  solution  is  cooled  or  diluted,  the  tellurium  being  all  precipitated  : 
2K2Te  +  KjTeOa  +  3H20=6KHO  +  3Te.«i 

81  The  decomposition  proceeds  in  the  above  order  in  the  cold,  but  in  a  hot  solution 
with  an  excess  of  potassium  hydroxide  it  proceeds  inversely.  A  similar  phenomenon 
takes  place  when  tellurium  is  fused  with  alkalis,  and  it  is  therefore  necessary  in  order  to 
obtain  potassium  telluride  to  add  charcoal. 

Selenium  and  tellurium  form  higher  compounds  with  chlorine  with  comparative 
ease.  For  selenium,  SeCl2  and  SeCl4  are  known,  and  for  tellurium  TeClg  and  TeCl^. 
The  tetrachlorides  of  selenium  and  tellurium  are  formed  by  passing  clilorine  over  these 
elements.  Selenium  tetrachloride,  SeCl4,  is  a  crystalline,  volatile  mass  which  gives 
selenious  anhydride  and  hydrochloric  acid  with  water.  Tellurium  tetrachloride  is  much 
less  volatile,  fuses  easily,  and  is  also  decomposed  by  water.  Both  elements  foiin  similar 
■compounds  with  bromine.  Tellurium  tetrabromide  is  red,  fuses  to  a  brown  liquid, 
volatilises,  and  gives  a  crystalline  salt,  KaTeBro,  3H2O,  with  an  aqueous  solution  of 
potassium  bromide.  -• 
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CHAPTER   XXI 

CHROMIUM,    MOLYBDENUM,    TUNGSTEN,    UEANIDM,    AND    MANGANESE 

Sulphur,  selenium,  and  telluriuni  belong  to  the  uneven  series  of  the 
sixth  group.  In  the  even  series  of  this  group  there  are  known  chro- 
mivm,  molybdenum,  tungsten,  and  uranium  ;  these  give  acid  oxides 
of  the  type  RO3,  like  SO3.  Their  acid  properties  are  less  sharply 
defined  than  those  of  sulphur,  selenium,  and  tellurium,  as  is  the  case 
with  all  elements  of  the  even  series  as  compared  with  those  of  the 
uneven  series  in  the  same  group.  But  still  the  oxides  CrOj,  M0O3, 
WO-,,  and  even  UO3,  have  clearly  defined  acid  properties,  and  form 
salts  of  the  composition  M0,nR03  with  bases  MO.  In  the  case  of  the 
heavy  elements,  and  especially  of  uranium,  the  type  of  oxide,  UO3, 
is  less  acid  and  more  basic,  because  in  the  even  series  of  oxides  the 
element  with  the  highest  atomic  weight  always  acquires  a  more  and 
more  pronounced  basic  character.  Hence  UO3  shows  the  properties  of 
a  base,  and  gives  salts  XJO2X.2.  The  basic  properties  of  chromium, 
molybdenum,  tungsten,  and  uranium  are  most  clearly  expressed  in  the 
lower  oxides,  which  they  all  form.  Thus  chromic  oxide,  CrjOg,  is  as 
distinct  a  base  as  alumina,  AI2O3. 

Of  all  these  elements  chromium  is  the  most  widely  distributed 
and  the  most  frequently  used.  It  gives  chromic  anhydride,  CrOg,  and 
chromic  oxide,  Cr203 — two  compounds  whose  relative  amounts  of 
oxygen  stand  in  the  ratio  2:1.  Chromium  is,  although  somewhat 
rarely,  met  with  in  nature  as  a  compound  of  one  or  the  other  type. 
The  red  chromium  ore  of  the  Urals,  lead  chromate  or  crocoisite 
PbCr04,  was  the  source  in  which  chromium  was  discovered  by 
Vauquelin,  who  gave  it  this  name  (from  the  Greek  word  signifying 
colour)  owing  to  the  brilliant  colours  of  its  compounds  ;  the  chromates 
(salts  of  chromic  anhydride)  are  red  and  yellow,  and  the  chromic  salts 
(from  Cr^Og)  green  and  violet.  The  red  lead  chromate  is,  however,  a 
rare  chromium  ore  found  only  in  the  Urals  and  in  a  few  other  localities. 
Chromic  oxide,  CrjOj,  is  more  frequently  met  with.  In  small  quantities 
it  forms  the  colouring  matter  of  many  minerals  and  rocks — for  example, 
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of  some  serpentines.  The  commonest  ore,  and  the  chief  source  of  the 
chromium  compounds,  is  the  chrome  iron  ore  or  chromite,  which  occurs 
in  the  Urals '  and  Asia  Minor,  California,  Australia,  and  other 
localities.  This  is  n\agnetic  iron  ore,  FeO,Fe203,  in  which  the  ferric 
oxide  is  replaced  by  chromic  oxide,  its  composition  lieing  FeO,Cr^03. 
Chrome  iron  ore  crystallises  in  octahedra  of  sp.  gr.  4-4  ;  it  has  a  feeble 
metallic  lustre,  is  of  a  greyish-black  colour,  and  gives  a  brown  powder. 
It  is  very  feebly  acted  on  by  acids,  but  when  fused  with  potassium 
acid  sulphate  it  gives  a  soluble  mass,  which  contains  a  chromic  salt, 
besides  potassium  sulphate  and  ferrous  sulphate.  In  practice  the 
treatment  of  chrome  iron  ore  is  mainly  carried  on  for  the  preparation 
of  chromates,  and  not  of  chromic  salts,  and  therefore  we  will  trace  the 
history  of  the  element  by  beginning  with  chromic  acid,  and  especially 
with  the  working  up  of  the  chrome  iron  ore  into  potassium  dichromate, 
K2Cr207,  as  the  most  common  salt  of  this  acid.  It  must  be  remarked 
that  chromic  anhydride,  CrOj,  is  only  obtained  in  an  anhydrous  state, 
and  is  distinguished  for  its  capacity  for  easily  giving  anhydro-salts 
with  the  alkalis,  containing  one,  two,  and  even  three  equivalents  of  the 
anhydride  to  one  equivalent  of  base.  Thus  among  the  potassium  salts 
there  is  known  the  normal  or  yellow  chromate,  K2Cr04,  which  corre- 
sponds to,  and  is  perfectly  isomorphous  with,  potassium  sulphate,  easily 
forms  isomorphous  mixtures  with  it,  and  is  not  therefore  suitable  for  a 
process  in  which  it  is  necessary  to  separate  the  salt  from  a  mixture 
containing  sulphates.  As  in  the  presence  of  a  certain  excess  of  acid, 
the  dichromate,  K2Cr20-  =  2K2Cr0.i  +  i^HX  -  2KX  —  H2O,  is  easily 
formed  from  K2Cr04,  the  object  of  the  manufacturer  is  to  produce 
such  a  dichromate,  the  more  so  as  it  contains  a  larger  proportion  of  the 
elements  of  chromic  acid  than  the  normal  salt.  Finely-ground  chrome 
iron  ore,  when  heated  with  an  alkali,  absorbs  oxygen  almost  as  easily 
(Chapter  III.,  Note  7)  as  a  mixture  of  the  oxides  of  manganese  with 
an  alkali.  This  absorption  is  due  to  the  presence  of  chromic  oxide, 
which  is  oxidised  into  the  anhydride,  and  then  combines  with  the 
alkali  Cr203  +  03  =  2Cr03.  As  the  oxidation  and  formation  of  the 
chromate  proceeds,  the  mass  turns  yellow.  The  iron  is 'also  oxidised, 
but  does  not  give  ferric  acid,  because  the  capacity  of  the  chromium  for 
oxidation  is  incomparably  greater  than  that  of  the  iron. 

A  mixture  of  lime  (sometimes  with  potash)  and  chrome  iron   ore 
is  heated  in  a  reverberatory  furnace,  with  free  access  of  air  and  at  a 

'  The  working  of  the  Ural  chrome  iron  ore  into  chromium  compounds  has  been 
firmly  established  in  Russia,  thanks  to  the  endeavours  of  P.  K.  UshakofE,  who  con- 
structed large  works  for  this  purpose  on  the  river  Kama,  near  Elabougi,  where  as  much 
as  2,000  tons  of  ore  are  treated  yearly,  owing  to  which  the  importation  of  chromium  pre- 
parations into  Russia  has  ceased. 
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red  heat  for  several  houi-s,  until  the  mass  becomes  yellow  ;  it  theit 
contains  normal  calcium  chromate,  CaCrOj,  which  is  insoluble  in 
water  in  the  presence  of  an  excess  of  lime.'  '•^^  The  resultant  mass  is 
ground  up,  and  treated  with  water  and  sulphuric  acid.  The  excess  of 
lime  forms  gypsum,  and  the  soluble  calcium  dichromate,  CaCr.20j, 
together  with  a  certain  amount  of  iron,  pass  into  solution.  The 
solution  is  poured  off,  and  chalk  added  to  it ;  this  precipitates  the 
ferric  oxide  (the  ferrous  oxide  is  converted  into  ferric  oxide  in  the 
furnace)  and  forms  a  fresh  quantity  of  gypsum,  while  the  chromic  acid 
remains  in  solution — that  is,  it  does  not  form  the  sparingly-soluble 
normal  salt  (1  part  soluble  in  240  parts  of  water).  The  solution  then 
contains  a  fairly  pure  calcium  dichromate,  which  by  double  decom- 
position gives  other  chromates  ;  for  example,  with  a  solution  of  potassium 
sulphate  it  gives  a  precipitate  of  calcium  sulphate  and  a  solution  of 
potassium  dichromate,  which  crystallises  when  evaporated.^ 

Fotassiii'Vi  dichromate,  K2Cr207,  easily  crystallises  from  acid  solu- 
tions in  red,  well-formed  prismatic  crystals,  which  fuse  at  a  red  heat 
and  evolve  oxygen  at  a  very  high  temperature,  leaving  chromic  oxide 
and  the  normal  salt,  which  undergoes  no  further  change  :  2K20r.2C>7 
:=  2K2Cr04  -I-  Cr.jOj  +  O3.  At  the  ordinary  temperature  100  parts 
of  water  dissolve  10  parts  of  this  salt,  and  the  solubility  increases  as 
the  temperature  rises.  It  is  most  important  to  note  that  the 
dichromate  does  not  contain  water,  it  is  K,Cr04  -|-  CrOs  ;  the  acid 
salt  corresponding  to  potassium  acid  sulphate,  KHSO4,  does  not  exist. 
It  does  not  even  evolve  heat  when  dissolving  in  water,  but  on  the  con- 
trary produces  cold',  i.e.  it  does  not  form  a  very  stable  compound  with 
water.  The  solution  and  the  salt  itself  are  poisonous,  and  act  as 
powerful  oxidising  agents,  which  is  the  character  of  chromic  acid  in 
general.  ^Yhen  heated  with  sulphur  or  organic  substances,  with 
sulphurous  anhydride,  hydrogen  sulphide,  &c.,  this  salt  is  deoxidised, 
yielding  chromic  compounds.'-  iJ'^  Potassium  dichromate '  is  used  in  the 
arts    and  in  chemistry  as  a  source  for  the   preparation   of  all   other 

1  bis  'Qyi^  fc]2e  calcium  chromate  is  soluble  in  water  in  the  presence  of  an  excess  of 
chromic  acid,  as  may  be  seen  from  the  fact  that  a  solution  of  chromic  acid  dissolves 
lime. 

-  There  are  man-y  variations  in  the  details  of  the  manufacturing  processes,  and  these 
must  be  looked  for  in  works  on  technical  chemistry.  But  we  may  add  that  the  chromate 
may  also  be  obtained  by  slightly  roasting  briquettes  of  a  mixture  of  chrome  iron  and 
lime,  and  then  leaving  the  resultant  mass  to  the  action  of  moist  air  (oxygen  is  absorbed, 
and  the  mass  turns  yellow). 

2  bis  The  oxidising  action  of  potassimn  diclu-omate  on  organic  substances  at  the 
ordinary  temperature  is  especially  marked  under  the  action  of  light.  Thus  it  acts  on 
gelatin,  as  Poutveu  discovered ;  this  is  applied  to  photography  in  the  processes  of  photo- 

For  Note  3  see  p.  279. 
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chromium  compounds.  It  is  converted  into  yellow  pigments  by  means 
of  double  decomposition  with  salts  of  lead,  barium,  and  zinc.  When 
solutions  of  the  salts  of  these  metals  are  mixed  with  potassium 
dichromate  (in  dyeing  generally  mixed  with  soda,  in  order  to  obtain 
normal  salts),  they  are  precipitated  as  insoluble  normal  salts  ;  for 
example,  SBaCla  +  Kfir.fi^  +  H2O  =  2BaCrO,  +  2KCI  +  2HC1.  It 
follows  from  this  that  these  salts  are  insoluble  in  dilute  acids,  but 
the  precipitation  is  not  complete  (as  it  would  be  with  the  normal  salt). 
The  barium  and  zinc  salts  are  of  <±  lemon  yellow  colour  ;  the  lead  salt 
lias  a  still  more  intense  colour  passing  into  orange.  Yellow  cotton 
prints  are  dyed  with  this  pigment.  The  silver  salt,  Ag2Cr04,  is  of  a 
bright  red  colour. 

When  potassium  dichromate  is  mixed  with   potassium    hydroxide 

gravure,  photo -Hthogi-apliy,  pigment  printing,  &c.  Under  the  action  of  Ught  this  gelatin 
is  oxidised,  and  the  chromic  anhydride  deoxidised  into  chromic  oxide,  which  unites  with 
the  gelatin  and  forms  a  compound  insoluble  in  warm  water,  whilst  where  the  liglit  has  not 
acted,  the  gelatin  remains  soluble,  its  properties  being  unaffected  by  the  presence  of 
chromic  acid  or  potassium  dichromate. 

^  Ammonium  and  sodium  dichromates  are  now  also  prepared  on  a  large  scale.  The 
sodium  salts  may  be  prepared  in  exactly  the  same  manner  as  those  of  potassium.  The 
normal  salt  combines  with  ten  equivalents  of  water,  like  Glauber's  salt,  with  which  it  is 
isomorphous.  Its  solution  above  30°  deposits  the  anhydrous  salt.  Sodium  dichromate 
crystals  contain  Na2Cr207j2H20.  The  aTninonium  salts  0/ c/iro?H2c  aciii  are  obtained 
by  saturating  the  anhydride  itself  with  ammonia.  The  dichromate  is  obtained  by 
saturating  one  part  of  the  anhydride  with  ammonia,  and  then  adding  a  second  part  of 
anhydride  and  evaporating  under  the  receiver  of  an  air-pump.  On  ignition,  the  normal 
and  acid  salts  leave  chromic  oxide.  Potassium  ammonium  chromate,  NH4KCr04,  is 
obtained  in  yellow  needles  from  a  solution  of  potassium  dichromate  in  aqueous  ammonia ; 
it  not  only  loses  ammonia  and  becomes  converted  into  potassium  dichromate  when 
ignited,  but  also  by  degrees  at  the  ordinary  temperature.  This  shows  the  feeble  energy 
of  chromic  acid,  and  its  tendency  to  form  stable  dichromates.  Magnesium  chromate  is 
soluble  in  water,  as  also  is  the  strontium  salt.  The  calcium  salt  is  also  somewhat  soluble, 
but  the  barium  salt  is  almost  insoluble.  The  isomorphism  with  sulphuric  acid  is  shown 
in  the  chromates  by  the  fact  that  the  magnesium  and  ammonium  salts  form  double  salts 
containing  six  equivalents  of  water,  which  are '  perfectly  isomorphous  with  the  corre- 
ponding  sulphates.  The  magnesium  salt  crystallises  in  large  crystals  containing  seven 
equivalents  of  water.  The  beryllium,  cerium,  and  cobalt  salts  are  insoluble  in  water. 
Chromic  acid  dissolves  manganous  carbonate,  but  on  evaporation  the  solution  deposits 
manganese  dioxide,  formed  at  the  expense  of  the  oxygen  of  the  chromic  acid.  Chromic 
acid  also  oxidises  ferrous  oxide,  and  ferric  oxide  is  soluble  in  chromic  acid. 

One  of  the  chromates  most  used  by  the  dyer  is  the  insoluble  yellow  lead  chromate, 
PbCr04  (Chapter  XVIII.,  Note  46),  which  is  precipitated  on  mixing  solutions  of 
PbSg  with  soluble  chromates.  It  easily  forms  a  basic  salt,  having  the  composition 
PbO,PbCr04,  as  a  crystalline  powder,  obtained  by  fusing  the  normal  salt  with  nitre  and 
then  rapidly  washing  in  water.  The  sam.e  substance  is  obtained,  although  impure  and 
in  small  quantity,  by  treating  lead  chromate  with  neutral  potassium  chromate,  especially 
on  boiling  the  mixture ;  and  this  gives  the  possibility  of  attaining,  by  means  of  these 
materials,  various  tints  of  lead  chromate,  from  yellow  to  red,  passing  through  different 
orange  shades.  The  decomposition  which  takes  place  (incompletely)  in  this  case  is 
as  foUows:  2PbCr04  +  K2Cr04  =  PbCr04,PbO  +  K2Cr207— that  is,  potassimn  diclrromate 
is  formed  in  solution. 
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or  carbonate  (carbonic  anhydride  being  disengaged  in  the  latter  case)  it 
forms  the  normal  salt,  K.^CrOj,  known  as  yelloio  chromate  of  potassium. 
Its  specific  gravity  is  2-7,  being  almost  the  same  as  that  of  the  dichro- 
mate.  It  absorbs  heat  in  dissolving  ;  one  part  of  the  salt  dissolves  in 
1*75  part  of  water  at  the  ordinary  temperature,  forming  a  yellow 
solution.  AYhen  mixed  even  with  such  feeble  acids  as  acetic,  and  more 
especially  with  the  ordinary  acids,  it  gives  the  dichromate,  and  Graham 
obtained  a  trichromate,  KgCrgOio  =  K2Cr04,2Cr03,  by  mixing  a 
solution  of  the  latter  salt  with  an  excess  of  nitric  acid, 

Cliromic  anhydride  is  obtained  by  preparing  a  saturated  solution  of 
potassium  dichromate  at  the  ordinary  temperature,  and  pouring  it  in  a 
thin  stream  into  an  equal  volume  of  pure  sulphuric  acid.^  On  mixing, 
the  temperature  naturally  rises ;  when  slowly  cooled,  the  solution 
deposits  chromic  anhydride  in  needle-shaped  crystals  of  a  red  colour 
sometimes  several  centimetres  long.  The  crystals  are  freed  from  the 
mother  liquor  by  placing  them  on  a  porous  tile.'*  ^^^  It  is  very  important 
at  this  point  to  call  attention  to  the  fact  that  a  hydrate  of  chromic 
anhydride  is  never  obtained  in  the  decomposition  of  chromic  compounds, 

■*  The  sulphuric  acid  should  not  contaiu  any  lower  oxides  of  nitrogen,  because  they 
reduce  chromic  anhydride  into  chromic  oxide.  If  a  solution  of  a  chromate  be  heated 
with  an  excess  of  acid — for  instance,  sulphuric  or  hydrochloric  acid — oxygen  or  chlorine 
is  evolved,  and  a  solution  of  a  chromic  salt  is  formed.  Hence,  under  these  circum-" 
stances,  chromic  acid  cannot  be  obtained  from  its  salts.  One  of  the  first  methods 
employed  consisted  in  converting  its  salts  into  volatile  chromium  hcxafiuoride^CvF^y 
This  compound,  obtained  by  Unverdorben,  may  be  prepared  by  mixing  lead  chromate 
with  fluor  spar  in  a  dry  state,  and  treating  the  mixture  with  fuming  sulphuric  acid  in-ra 
platinum  vessel :  PbCr04  +  8CaF2  +  4H2S04  =  PbS04+3CaSO.i-l-^H..O  +  CrF,i.  Fummg 
sulphuric  acid  is  taken,  and  in  considerable  excess,  because  the  chromium  fluoride  which 
is  formed  is  very  easily  decomposed  by  water.  It  is  volatile,  and  fonns  a  very  caustic, 
poisonous  vapour,  which  condenses  wheu  cooled  in  a  dry  platinum  vessel  into  a  red, 
exceedingly  volatile  liquid,  which  fumes  powerfully  in  air.  The  vapours  of  this 
substance  when  introduced  into  water  are  decomposed  into  hydrofluoric  acid  and 
chromic  anhydride  :  CrF^  +  SHoO  =  Cr05  +  6HF.  If  veiy  little  water  be  taken  the  hydro- 
fluoric acid  volatilises,  and  cliromic  anhydride  separates  du-ectly  in  crystals.  The 
chloranhydride  of  chromic  acid,  Cr02Cl2  (Note  5),  is  also  decomposed  in  the  same 
manner.  A  solution  of  chromic  acid  and  a  precipitate  of  barium  sulphate  are  formed  by 
treating  the  insoluble  barium  cliromate  with  an  equivalent  quantity  of  sulphuric  acid. 
If  carefully  evaporated,  the  solution  yields  crystals  of  chromic  anhydride.  Fritzsche 
gave  a  very  convenient  method  of  preparing  clu-omic  anliydride,  based  on  the  relation 
of  chromic  to  sulphuric  acid.  At  the  ordinary  temperature  the  strong  acid  dissolves 
both  cliromic  anhydride  and  potassium  chromate,  but  if  a  certain  amount  of  water  is 
added  to  the  solution  the  chromic  anhydride  separates,  and  if  the  amount  of  water  be 
increased  the  precipitated  chromic  anhydride  is  again  dissolved.  The  chromic  anhy- 
dride is  almost  all  separated  from  the  solution  when  it  contains  two  equivalents  of 
water  to  one  equivalent  of  sulphuric  acid.  Many  methods  for  the  prepiu'ationof  chromic 
anhydride  are  based  on  this  fact. 

Ibis  They  cannot  be  filtered  through  paper  or  washed,  because  the  chromic 
anhydride  is  reduced  by  the  filter-paper,  and  is  dissolved  during  the  process  of 
washing. 
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but  always  the  anhtjdride^  CrOg.  The  corresponding  hydrate,  Cr04H2, 
or  any  other  hydrate,  is  not  even  known.  Nevertheless,  it  must  be 
admitted  that  chromic  acid  is  bibasic,  because  it  forms  salts  isomorphous 
or  perfectly  analogous  with  the  salts  formed  by  sulphuric  acid,  which  is 
the  best  example  of  a  bibasic  acid.  A  clear  proof  of  the  bibasicity  of 
CrOs  is  seen  in  the  fact  that  the  anhydride  and  salts  give  (when  heated 
with  sodium  chloride  and  sulphuric  acid)  a  volatile  chloranhydride, 
Cr02Ci2j  containing  two  atoms  of  chlorine  as  a  bibasic  acid  should.^ 

^^  Berzelius  observed,  and  Rose  carefully  investigated,  this  remarkable  reaction, 
which  occurs  between  chromic  acid  and  sodium  chloride  in  the  presence  of  sulphuric 
acid.  If  10  parts  of  common  salt  be  mixed  with  12  parts  of  potassium  dichromate,  fused, 
cooled,  and  broken  up  into  lumps,  and  placed  in  a  retort  with  20  parts  of  fuming  sul- 
phuric acid,  it  gives  rise  to  a  violent  reaction,  accompanied  by  the  formation  of  brown 
fumes  of  chromic  chloranhydride,  or  chromijl  chloride,  CrOoClo,  according  to  the  re- 
action:  Cr03+2NaCl-[-H2S04  =  Na2S04  +  Ho6  +  CrO.,Clo.  The  addition  of  an  excess  of 
sulphuric  acid  is  necessary  in  order  to  retain  the  water.  The  same  substance  is  always 
formed  when  a  metallic  chloride  is  heated  with  chromic  acid,  or  any  of  its  salts,  in  the 
presence  of  sulphuric  acid.  The  formation  of  this  volatile  substance  is  easily  observed 
from  the  brown  colour  which  is  proper  to  its  vapour.  On  condensing  the  vapour  in  a 
dry  receiver  a  liquid  is  obtained  having  a  sp.  gr.  of  1'9,  boiling  at  lly*^,  and  giving  a, 
vapour  whose  density,  compared  with  hydrogen,  is  78,  which  corresponds  with  the  above 
formula.  Ghromyl  chloride  is  decomposed  by  heat  into  chromic  oxide,  oxygen,  and 
chlorine:  2CrO.,Cl2  =  Cr.305 +201-2  +  0;  so  that  it  is  able  to  act  simultaneously  as  a 
powerful  oxidising  and  chlorinating  agent,  which  is  taken  advantage  of  in  the  investiga- 
tion of  many,  and  especially  of  organic,  substances.  When  reated  with  water,  this 
substance  first  falls  to  the  bottom,  and  is  then  decomposed  into  hydrochloric  and  chromic 
acids,  like  all  chloranhydrides :  CrO-iCL  +  H^O  =  CrOs  +  2IIG1.  When  brought  into  con- 
tact with  inflammable  substances  it  sets  fire  to  them;  it  acts  thus,  for  instance,  on 
phosphorus,  sulphur,  oil  of  turpentine,  ammonia,  hydrogen,  and  other  substances.  It 
attracts  moisture  from  the  atmosphere  with  great  energy,  and  must  therefore  be  kept  in 
closed  vessels.  It  dissolves  iodine  and  clilorine,  and  even  forms  a  solid  compound  with 
the  latter,  which  depends  upon  the  faculty  of  chromium  to  form  its  liigher  oxide, 
Cr207.  The  close  analogy  in  the  physical  properties  of  the  chloranhydrides,  CrO.iClo  and 
SO2CI2,  is  very  remarkable,  although  sulphurous  anhydride  is  a  gas,  and  the  corresponding 
oxide,  CrOo,  is  a  non-volatile  solid.  It  may  be  imagined,  therefore,  that  chromium  di- 
oxide (which  will  be  mentioned  in  the  following  note)  presents  a  polymerised  modification 
of  the  substance  having  the  composition  CrOo  ;  in  fact,  this  is  obvious  from  tlie  method 
of  its  formation. 

If  three  parts  of  potassium  dichromate  be  mixed  with  four  parts  of  strong  hydrochloric 
acid  and  a  small  quantity  of  water,  and  gently  warmed,  it  all  passes  into  solution, 
and  no  chlorine  is  evolved ;  on  cooling,  the  liquid  deposits  red  prismatic  crystals,  known 
as  FeligoVs  salt,  very  stable  in  air.  This  has  the  composition  KCl,Cr05,  and  is  formed 
according  to  the  equation  K2Cr207  +  2HCl  =  2KCl,Cr05  +  Ii20.  It  is  evident  that  this 
is  the  first  chloranhydride  of  chromic  acid,  HCrOsCl,  in  which  the  hydrogen  is  re- 
placed by  potassium.  It  is  decomposed  by  water,  and  on  evaporation  the  solution  j'ields 
potassium  dicliromate  and  hydrochloric  acid.  This  is  a  fresh  instance  of  the  reversible 
reactions  so  frequently  encountered.  With  sulphuric  acid  Peligot's  salt  forms  chromyl 
chloride.  The  latter  circumstance,  and  the  fact  that  Geuther  produced  Peligot's  salt 
from  potassium  chromate  and  chromyl  chloride,  give  reason  for  thinking  that  it  is  a 
compound  of  these  two  substances:  2KCl,Cr05  =  K2Cr04  +  CrO>CL.  It  is  also  sometimes 
regarded  as  potassium  dichromate  in  which  one  atom  of  oxygen  is  replaced  by  clilorine — 
that  is,  K2Cr20eCl2,  corresponding  with  K2Cr207.  When  heated  it  parts  with  all  its 
chlorine,  and  on  further  heating  gives  chromic  oxide. 
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Chromic  anhydride  is  a  red  crystalline  substance,  which  is  converted 
into  a  black  mass  by  heat ;  it  fuses  at  190°,  and  disengages  oxygen 
above  250°,  leaving  a  residue  of  chromium  dioxide,  CrOj,''  and,  on  still 
further  heating,  chromic  oxide,  CrjOj.  Chromic  anhydride  is  exceed- 
ingly soluble  in  water,  and  even  attracts  moisture  from  the  air,  but,  as 
was  mentioned  above,  it  does  not  form  any  definite  compound  with 
water.  The  specific  gravity  of  its  crystals  is  i'l,  and  when  fused  it  has 
a  specific  gravity  2-6.  The  solution  presents  perfectly  defined  acid 
properties.  It  liberates  carbonic  anhydride  from  carbonates ;  gives 
insoluble  precipitates  of  the  chromates  with  salts  of  barium,  lead,  silver, 
and  mercury. 

The  action  of  hydrogen  peroxide  on  a  solution  of  chromic  acid  or  of 
potassium  dichromate  gives  a  blue  solution,  which  very  quickly  becomes 
colourless  with  the  disengagement  of  oxygen.  Barreswill  showed  that 
this  is  due  to  the  formation  of  a  perchromic  anhydride,  Cr.^Oj,  corre- 
sponding with  sulphur  peroxide.  This  peroxide  is  remarkable  from  the 
fact  that  it  very  easily  dissolves  in  ether  and  is  much  more  stable  in 
this  solution,  so  that,  by  shaking  up  hydrogen  peroxide  mixed  with  a 
small  quantity  of  chromic  acid,  with  ether,  it  is  possible  to  transfer  all 
the  blue  substance  formed  to  the  ether.^  ''*^ 

With  oxygen  acids,  chromic  acid  evolves  oxygen  ;  for  example,  with 


^  This  intermediate  degi-ee  of  oxidation,  CrOo,  may  also  be  obtained  by  mixing  solu- 
tions of  chromic  salts  with  solutions  of  chromates.  The  brown  precipitate  formed 
contains  a  compound,  Cr.i05,Cr05,  consisting  of  equivalent  amounts  of  chromic  oxide 
and  anhydride.  The  brown  precipitate  of  chromium  dioxide  contains  water.  The  same 
substance  is  formed  by  the  imperfect  deoxidation  of  chromic  anhydi-ide  by  various  redu- 
cing agents.  Clu-omic  oxide,  when  heated,  absorbs  oxygen,  and  appears  to  give  the  same 
substance.  Chromic  nitrate,  when  ignited,  also  gives  this  substance.  "When  this  sub- 
stance is  heated  it  first  disengages  water  and  then  oxygen,  chromic  oxide  being  left.  It 
corresponds  with  manganese  dioxide,  Cr.jO-„Cr03  =  3CrO^.  Kriiger  treated  chromium 
dioxide  with  a  mixture  of  sodium  chloride  and  sulphuric  acid,  and  found  that  chlorine 
gas  was  evolved,  but  that  chromyl  chloride  was  not  formed.  Under  the  action  of  light, 
a  solution  of  chi-omic  acid  also  deposits  the  brown  dioxide.  At  the  ordinary  temperature 
chromic  anhydi'ide  leaves  a  brown  stain  upon  the  skin  and  tissues,  which  probably  pro- 
ceeds from  a  decomposition  of  the  same  kind.  Clu-omic  anhydride  is  soluble  in  alcohol 
containing  water,  and  this  solution  is  decomposed  in  a  similar  manner  by  light. 
Chromium  dioxide  forms  KoCr04  when  treated  with  H.2O2  in  the  presence  of  KHO. 

6 bis  Now  that  persulphuric  acid  H.S.jOs  is  well  known  it  might  be  supposed  that 
perchromic  anhydride,  Cr.307,  would  correspond  to  perchromic  acid,  H.2Cr208,  but  as  yet 
it  is  not  certain  whether  corresponding  salts  are  formed.  Pochard  (1891)  on  adding  an 
excess  of  H.,0.>  and  baryta  water  to  a  dilute  solution  of  CrO.^  (8  grm.  per  litre),  observed 
the  formation  of  a  yellow  precipitate,  but  oxygen  was  disengaged  at  the  same  time  and 
the  precipitate  (which  easily  exploded  when  dried)  was  found  to  contain,  besides  an 
admixture  of  BaO.,,  a  compound  BaCrOg,  and  this  =  BaO.i-f  CrO^,  and  does  not  correspond 
to  perchromic  acid.  The  fact  of  its  decomposing  with  an  explosion,  and  the  mode  of  its 
preparation,  proves,  however,  that  this  is  a  similar  derivative  of  peroxide  of  hydrogen  to 
persulphuric  acid  (Chapter  XX.) 
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sulphuric  acid  the  following  reaction  takes  place  :  '2CrOj  +  SHaSO^ 
=Cr2(S04)3  +  O3  +  3H2O.  It  will  be  readily  understood  from  this  that 
a  mixtivre  of  chromic  acid  or  of  its  salts  with  sulphuric  acid  forms  an 
excellent  oxidising  agent,  which  is  frequently  employed  in  chemical 
laboratories  and  even  for  technical  purposes  as  a  means  of  oxidation. 
Thus  hydrogen  sulphide  and  sulphurous  anhydride  are  converted  into 
sulphuric  acid  by  this  means.  Chromic  acid  is  able  to  act  as  a  powerful 
oxidising  agent  because  it  passes  into  chromic  oxide,  and  in  so  doing 
disengages  half  of  the  oxygen  contained  in  it  :  2Cr03  =  Cr203  +  03. 
Thus  chromic  anhydride  itself  is  a  powerful  oxidising  agent,  and  is 
therefore  employed  instead  of  nitric  acid  in  galvanic  batteries  (as  a 
depolariser),  the  hydrogen  evolved  at  the  carbon  being  then  oxidised, 
and  the  chromic  acid  converted  into  a  non-volatile  product  of  deoxida- 
tion,  instead  of  yielding,  as  nitric  acid  does,  volatile  lower  oxides  of 
offensive  odour.  Organic  substances  are  more  or  less  perfectly  oxidised 
by  means  of  chromic  anhydride,  although  this  generally  requires  the  aid 
of  heat,  and  does  not  proceed  in  the  presence  of  alkalis,  but  generally 
in  the  2Jresence  of  acids.  In  acting  on  a  solution  of  potassium  iodide, 
chromic  acid,  like  many  oxidising  agents,  liberates  iodine  ;  the  reaction 
proceeds  in  proportion  to  the  amount  of  CrOj  present,  and  may  serve 
for  determining  the  amount  of  Cr03,  since  the  amount  of  iodine  liberated 
can  be  accurately  determined  by  the  iodometric  method  (Chapter  XX., 
Note  42).  If  chromic  anhydride  be  ignited  in  a  stream  of  ammonia,  it 
gives  chromic  oxide,  water,  and  nitrogen.  In  all  cases  when  chromic 
acid  acts  as  an  oxidising  agent  in  the  presence  of  acids  and  under  the 
action  of  heat,  the  product  of  its  deoxidation  is  a  chromic  salt,  CrXj, 
which  is  characterised  by  the  green  colour  of  its  solution,  so  that  the 
red  or  yellow  solution  of  a  salt  of  chromic  acid  is  then  transformed  into 
a  green  solution  of  a  chromic  salt,  derived  from  chromic  oxide,  Cr^Og, 
which  is  closely  analogous  to  AI2O3,  ^0203,  and  other  bases  of  the  com- 
position R2O3.  This  analogy  is  seen  in  the  insolubility  of  the  anhydrous 
oxide,  in  the  gelatinous  form  of  the  colloidal  hydrate,  in  the  formation 
of  alums,^  of  a  volatile  chloride  of  chromium,  &cJ  '"^ 

'  As  a  mixture  of  potassium  dichromate  and  sulphuric  acid  is  usually  employed 
for  oxidation,  the  resultant  solution  generally  contains  a  double  sulphate  of  potas- 
sium and  chromium — that  is,  chrome  alum,  isomorphous  witli  ordinary  alum — 
KoCrjO,  +  iHjSOj  +  2OH2O  =  O3  -h  K.jCr.,(SOj4,24H20  or  2(KCr(S04)2,12H20).  It  is  pre- 
pared by  dissolving  potassium  dichromate  in  dilute  sulphuric  acid  ;  alcohol  is  then  added 
and  the  solution  slightly  heated,  or  sulphm-ous  anhydride  is  passed  through  it.  On  the 
addition  of  alcohol  to  a  cold  mixture  of  potassium  dichromate  and  sulphuric  acid,  the 
gi'adual  disengagement  of  pleasant-smelling  volatile  products  of  the  oxidation  of  alcohol, 
and  especially  of  aldehyde,  C^HiG,  is  remarked.     If  the  temperature  of  decomposition 

For  Note  7  bis  see  ]p.  285. 
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Chromic  oxkle^  Cr;.03,  rarely  found,  and  in  small  quantities,  in  chrome 
ochre,  is  formed  by  the  oxidation  of  chromium  and  its  lower  oxides,  by 

does  not  exceed  35^,  a  violet  solution  of  chrome  alum  is  obtained,  but  if  the  tempera- 
ture be  higher,  a  solution  of  the  same  alum  is  obtained  of  a  green  colour.  As  chrome 
alum  requires  for  solution  7  parts  of  water  at  the  ordinary  temperature,  it  follows  that  if 
a  somewhat  strong  solution  of  potassium  dicliromate  be  taken  (4  parts  of  water  and  1^, 
of  sulphuric  acid  to  1  part  of  dichromate),  it  will  give  so  concentrated  a  solution 
of  chrome  alum  that  on  cooling,  tlie  salt  will  separate  without  further  evaporation.  If 
the  liquid^  prepared  as  above  or  in  any  instance  of  the  deoxidation  of  chromic  acid, 
he  heated  (the  oxidation  naturally  proceeds  more  rapidly)  somewhat  strongly,  for  in- 
stance, to  the  boiling-point  of  water,  or  if  the  violet  solution  already  formed  be  raised  to 
the  same  temperature,  it  acquires  a  bright  green  colour^  and  on  evaporation  the 
same  mixture,  which  at  lower  temperatures  so  easily  gives  cubical  crystals  of  chrome 
alum,  does  not  give  ang  crystals  whatever.  If  the  green  solution  he  kept,  however, /br 
several  weeJcs  a,i  the  ordinary  temperature,  it  deposits  violet  crystals  oi  chrome  alum. 
The  green  solution,  when  evaporated,  gives  a  non-crystalline  mass,  and  the  violet 
crystals  lose  water  at  100°  and  turn  green.  It  must  be  remarked  that  the  transition  of 
the  green  modification  into  the  violet  is  accompanied  by  a  decrease  in  volume  (Lecoq  de 
Boisbaudran,  Favre) .  If  the  green  mass  formed  at  the  higher  temperature  be  evaporated 
to  dryness  and  heated  at  30°  in  a  current  of  air,  it  does  not  retain  more  then  6  equi- 
valents of  water.  Hence  Lowel,  and  also  Schrbtter,  concluded  that  the  green  and  violet 
modifications  of  the  alum  depend  on  different  degrees  of  combination  with  water,  which 
may  be  likened  to  the  different  compounds  of  sodium  sulphate  with  water  and  to  the 
different  hydrates  of  ferric  oxide. 

However,  the  question  in  this  case  is  not  so  simple,  as  we  shall  afterwards  see. 
Not  chrome  alum  alone,  but  all  the  chromic  salts,  give  two,  if  not  three,  varieties^  At 
least,  there  is  no  doubt  about  the  existence  of  two — a  grcni  and  a  violet  modif  cation. 
The  green  chromic  salts  are  obtained  by  heating  solutions  of  the  violet  salts,  the  violet 
solutions  are  produced  en  keeping  solutions  of  the  green  salts  for  a  long  time.  The  con- 
version of  the  violet  salts  into  green  by  the  action  of  heat  is  itself  an  indication  of  the 
possibility  of  explaining  the  different  modifications  by  their  containing  different  propor- 
tions (or  states)  of  water,  and,  moreover,  by  the  green  salts  having  a  less  amount  of 
water  than  the  violet.  However,  there  are  other  explanations.  Chromic  oxide  is  a  base 
like  alumina,  and  is  therefore  able  to  give  both  acid  and  basic  salts.  It  is  supposed  that 
the  difference  between  the  green  and  violet  salts  is  due  to  this  fact.  This  opinion  of 
Ki'iiger  is  based  on  the  fact  that  alcohol  separates  out  a  salt  from  the  green  solution 
which  contains  less  sulphuric  acid  than  the  normal  violet  salt.  On  the  other  hand, 
Lowel  showed  that  all  the  acid  cannot  be  separated  from  the  green  chromic  salts  by 
suitable  reagents,  as  easily  as  it  can  be  from  the  same  solution  of  the  violet  salts ;  thus 
barium  salts  do  not  precipitate  all  the  sulphuric  acid  from  solutions  of  the  green  salts. 
According  to  other  researches  the  cause  of  the  varieties  of  the  chromic  salts  lies  in  a 
difference  in  the  bases  they  contain — that  is,  it  is  connected  with  a  modification  of  the 
properties  of  the  oxide  of  chromium  itself.  This  only  refers  to  the  hydroxides,  but  as 
hydroxides  themselves  are  only  special  forms  of  salts,  the  differences  observed  as  yet 
in  this  direction  between  the  hydroxides  only  confirm  the  generality  of  the  difference 
observed  in  the  chromic  compounds  {see  Note  7  bis). 

The  salts  of  chromic  oxide,  like  those  of  alumina,  are  easily  decomposed,  give  basic 
and  double  salts,  and  have  an  acid  reaction,  as  chromic  oxide  is  a  feeble  base.  Potas- 
sium and  sodium  hydroxides  give  a  precipitate  of  the  hydroxide  with  chromic  salts, 
CrX^.  The  violet  and  green  salts  give  a  hydroxide  soluhle  in  an  excess  of  the 
reagent  j  but  the  hydroxide  is  held  in  solution  by  very  feeble  affinities,  so  that  it  is 
partially  separated  by  heat  and  dilution  with  water,  and  completely  so  on  boiling. 
In  an  alkaline  solution,  clnromic  hydroxide  is  easily  converted  into  chromic  acid 
by  the  action  of  lead  dioxide,  chlorine,  and  other  oxidising  agents.  If  the  chromic 
oxide  occurs  together  with  such  oxides  as  magnesia,  or  zinc  oxide,  then  on  precipitation 
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the  reduction  of  chroraates  (for  example,  of  ammonium  or  mercuric 
chromate)  and  by  the  decomposition  (splitting  up)  of  the  saline  corn- 
it  separates  out  from  its  solution  in  combination  with  these  oxides,  forming,  for  example, 
ZnO.Cr.jOs.  Yiard  obtained  compounds  of  Cr^O.^  with  the  oxides  of  Mg,  Zn,  Cd,  &c.) 
On  precipitating  the  violet  solution  of  chrome  alum  with  ammonia,  a  precipitate  contain- 
ing Cr203,6H50  is  obtained,  whilst  the  precipitate  from  the  boiling  solution  with  caustic 
potash  was  a  hydrate  containing  four  equivalents  of  water.  When  fused  with  borax  chromic 
salts  give  a  green  glass.  The  same  coloration  is  communicated  to  ordinary  glass  by  the 
presence  of  traces  of  chromic  oxide.  A  chrome  glass  containing  a  large  amount  of 
chromic  oxide  may  be  ground  up  and  used  as  a  green  pigment.  Among  the  hydrates 
of  oxide  of  chromium  Gitignefs  green  forms  one  of  the  widely-used  green  pigments  which 
have  been  substituted  for  the  poisonous  arsenical  copper  pigments,  such  as  Schweinfurfc 
green,  which  formerly  was  much  used.  Guignet's  green  has  an  extremely  bright  green 
colour,  and  is  distinguished  for  its  great  stability,  not  only  under  the  action  of  light  but 
also  towards  reagents  ;  thus  it  is  not  altered  by  alkaline  solutions,  and  even  nitric  acid 
does  not  act  on  it.  This  pigment  remains  unchanged  up  to  a  temperature  of  250°  ;  it 
contains  Cr.205,2HO.i,  and  generally  a  small  amount  of  alkali.  It  is  prepared  by  fusing  3 
parts  of  boric  acid  with  1  part  of  potassium  dichromate  ;  oxygen  is  disengaged,  and  a 
green  glass,  containing  a  mixture  of  the  borates  of  chromium  and  potassium,  is  obtained. 
When  cool  this  glass  is  ground  up  and  treated  with  water,  which  extracts  the  boric 
acid  and  alkali  and  leaves  the  above-named  chromic  hydroxide  behind.  This  hydroxide 
only  parts  with  its  water  at  a  red  heat,  leaving  the  anhydrous  oxide. 

The  chromic  hydroxides  lose  their  water  by  ignition,  and  in  so  doing  become  spon- 
taneously incandescent,  like  the  ordinary  ferric  hydroxide  (Chapter  XXII.).  It  is  not 
known,  however,  whether  all  the  modifications  of  chromic  oxide  show  this  phenomenon. 
The  anhydrous  chromic  oxide,  Cr.,0,'^,  is  exceedingly  difficultly  soluble  in  acids,  if  it 
has  passed  through  the  above  recalescence.  But  if  it  has  parted  with  its  water,  or  the 
greater  part  of  it,  and  not  yet  undergone  this  self-induced  incandescence  (has  not  lost  a 
portion  of  its  energy),  then  it  is  soluble  in  acids.  It  is  not  reduced  by  hydrogen.  It  is 
easily  obtained  in  various  crystalline  forms  by  many  methods.  The  chromates  of  mer- 
cury and  ammonium  give  a  very  convenient  method  for  its  preparation,  because  when 
ignited  they  leave  chromic  oxide  behind.  In  the  first  instance  oxygen  and  mercury  are 
disengaged,  and  in  the  second  case  nitrogen  and  water  :  2Hg2Cr04  =  Cr<,0-  -h  O5  +  4Hg  or 
(NHj)2Cr.207  =  CroOg-h^H.iG-FN.,.  The  second  reaction  is  very  energetic,  and  the  mass 
of  salt  bums  spontaneously  if  the  temperature  be  sufficiently  high.  A  mixture  of  pota'5- 
sium  sulphate  and  chromic  oxide  is  formed  by  heating  potassium  dichromate  with  an 
equal  weight  of  sulphur :  KaCr-jO?  +  S  ==  K2SO4  -h  Cr.^O.-,.  The  sulphate  is  easily  extracted 
by  water,  and  there  remains  a  bright  green  residue  of  the  oxide,  whose  colour  is  more 
brilliant  the  lower  the  temperature  of  the  decomposition.  The  oxide  thus  obtained  is 
used  as  a  green  pigment  for  china  and  enamel.  The  anhydrous  chromic  oxide  obtained 
from  chromyl  chloride,  Cr02Cl,,,  has  a  specific  gravity  of  5'21,  and  forms  almost  black 
crystals,  which  give  a  green  powder.  They  are  hard  enough  to  scratch  glass,  and  have  a 
metallic  lustre.  The  crystalline  form  of  chromic  oxide  is  identical  with  that  of  the  oxide 
of  iron  and  alumina,  with  which  it  is  isomorphous. 

7  bis  The  most  important  of  the  compounds  corresponding  with  chromic  oxide  is  chromic 
chloride,  CrsClg,  which  is  known  in  an  anhydrous  and  in  a  hydrated  form.  It  resembles 
ferric  and  aluminic  chlorides  in  many  respects.  There  is  a  great  difference  between 
the  anhydrous  and  the  hydrated  chlorides  ;  the  former  is  insoluble  in  water,  the  latter 
easily  dissolves,  and  on  evaporation  its  solution  forms  a  hygroscopic  mass  which  is  very 
unstable  and  easily  evolves  hydrochloric  acid  when  heated  with  water.  The  anhydrous 
form  is  of  a  violet  colour,  and  Wohler  gives  the  following  method  for  its  preparation  :  an 
intimate  mixture  is  prepared  of  the  anhydrous  chromic  oxide  with  carbon  and  organic 
matter,  and  charged  into  a  wide  infusible  glass  or  porcelain  tube  which  is  heated  in  a 
combustion  furnace ;  one  extremity  of  the  tube  communicates  with  an  apparatus  generat- 
ing chlorine  which  is  passed  through  several  bottles  containing  sulphuric  acid  in  order 
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pounds  of  the  oxide  itself,  CrXg  or  Cr^Xg,  like  alumina,  which  it 
resembles  in  forming  a  feeble  base  easily  giving  double  and  basic  salts, 
which  are  either  green  or  violet. 

to  dry  it  perfectly  before  it  readies  the  tube.  On  heating  the  portion  of  the  tube  in 
which  the  mixture  is  placed  and  passing  chlorine  through,  a  slightly  volatile  sublimate  of 
chromic  chloride,  CrCls  or  Cr.,Cl|j,  is  formed.  This  substance  forms  violet  tabular 
crystals,  which  may  be  distilled  in  dry  chlorine  without  change,  but  which,  however,  re- 
quire a  red  heat  for  their  volatilisation.  These  crystals  are  greasy  to  the  touch  and  in- 
soluble in  water,  but  if  they  be  powdered  and  boiled  in  water  for  a  long  time  they  pass 
into  a,  green  solution.  Strong  sulphuric  acid  does  uot  act  on  the  anhydrous  salt,  or 
only  acts  with  exceeding  slowness,  like  water.  Even  aqua  regia  and  other  acids  do  not 
act  on  the  crystals,  and  alkalis  only  show  a  very  feeble  action.  The  specific  gravity  of 
the  crystals  is  2'99.  When  fused  with  sodium  carbonate  and  nitre  they  give  sodium 
cliloride  and  potassium  chromate,  and  when  ignited  in  air  they  form  green  chromic  oxide 
and  evolve  clilorine.  On  ignition  in  a  stream  of  ammonia,  chromic  chloride  forms 
sal-ammoniac  and  chromium  nitride,  CrN  (analogous  to  the  nitridesBN,AlN).  Mosberg  and 
Peligot  showed  that  when  chromic  chloride  is  ignited  in  hydrogen,  it  parts  with  one-third 
of  its  chlorine,  forming  cbromous  cliloride,  CrClo — that  is,  there  is  formed  from  a  com- 
pound corresponding  with  chromic  oxide,  CrgOs,  a  compound  answering  to  the  suboxide, 
chromous  oxide,  CrO — just  as  hydrogen  converts  ferric  chloride  into  feiTOUS  chloride  with 
tlie  aid  of  heat.  Ghronious  chloride,  CrCl2,  forms  colourless  crystals  easily  soluble  in 
water,  which  in  dissolving  evolve  a  considerable  amount  of  heat,  and  form  a  blue  liquid, 
capable  of  absorbing  oxygen  from  the  air  with  great  facility,  being  converted  thereby 
into  a  chromic  compound. 

The  blue  solution  of  chromous  chloride  may  also  be  obtained  by  the  action  of  metallic 
zinc  on  the  green  solution  of  the  hydrated  chromic  chloride ;  the  zinc  in  this  case  takes 
up  chlorine  just  as  the  hydrogen  did.  It  must  be  employed  in  a  large  excess.  Chromic 
oxide  is  also  formed  in  the  action  of  zinc  on  chromic  chloride,  and  if  the  solution  remain 
for  a  long  time  in  contact  with  the  zinc  the  whole  of  the  cliromium  is  converted  into 
chromic  oxychloride.  Other  chromic  salts  are  also  reduced  by  zinc  into  cJironwus  salts, 
CrXg,  just  as  the  ferric  salts  FeX^  are  converted  into  ferrous  salts  FeXo  by  it.  The 
chromous  salts  are  exceedingly  unstable  and  easily  oxidise  and  pass  into  chromic  salts ; 
hence  the  reducing  power  of  these  salts  is  very  great.  From  cupric  salts  they  separate 
cuprous  salts,  from  stannous  salts  they  precipitate  metallic  tin,  they  reduce  mercuric 
salts  into  raercurous  and  ferric  into  ferrous  salts.  Moreover,  they  absorb  oxygen  from 
the  air  directly.  With  potassium  chromate  they  give  a  brown  precipitate  of  chromium 
dioxide  or  of  chromic  oxide,  according  to  the  relative  amounts  of  the  substances  taken  : 
Cr03  +  C'rO  =  2Cr02  or  Cr05-l-8CrO  =  2Cr.20r.  Aqueous  anunonia  gives  a  blue  precipi- 
tate, and  in  the  presence  of  ammoniacal  salts  a  blue  liquid  is  obtained  which  turns  red 
in  the  air  from  oxidation.  This  is  accompanied  by  the  formation  of  compounds  analo- 
gous to  those  given  by  cobalt  (Chapter  XXII.)  A  solution  of  chromous  cliloride  with  a 
hot  saturated  solution  of  sodium  acetate,  CiH-^NaO.i,  gives,  on  cooling,  transparent  red 
crystals  of  chromous  acetate,  C4H,jCr04,H20.  This  salt  is  also  a  powerful  reducing 
agent,  but  may  be  kept  for  a  long  time  in  a  vessel  full  of  carbonic  anliydride. 

The  insoluble  anhydrous  chromic  chloride  CrCls  very  easily  passes  into  solution  in 
the  presence  of  a  trace  {0'004)  of  chromous  chloride  CrCl2.  This  remarkable  phe- 
nomenon was  observed  by  Peligot  and  explained  by  Lbwel  in  the  following  manner: 
cliromous  chloride,  as  a  lower  stage  of  oxidation,  is  capable  of  absorbing  both  oxygen 
and  chlorine,  combining  with  various  substances.  It  is  able  to  decompose  many 
chlorides  by  taking  up  clilorine  from  them ;  thus  it  precipitates  mercurous  chloride  from 
a  solution  of  mercuric  cliloride,  and  in  so  doing  passes  into  chromic  chloride  :  tiCrCl._> 
-f-2HgCl2  =  Cr.2Clo  +  2HgCl.  Let  us  suppose  that  the  same  phenomenon  takes  place 
when  the  anhydrous  chromic  chloride  is  mixed  with  a  solution  of  chromous  chloride. 
The  latter  will  then  take  ui^  a  portion  of  the  chlorine  of  the  former,  and  pass  into  a 
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The  reduction  of  chromic  oxide — for  instance,  in  a  solution  by  zinc 
and  sulphuric  acid — leads  to  the  formation  of  chromous  oxide,  CrO,  and 

soluble  hydrate  of  chromic  chloride  {hydrochloride  of  oxide  of  chromium),  and  the 
original  anhydrous  chromic  chloride  will  pass  into  chromous  chloride.  The  chromous 
chloride  re-formed  in  this  manner  will  then  act  on  a  fresh  quantity  of  the  chromic 
chloride,  and  in  this  manner  transfer  it  entirely  iuto  solution  as  hydrate.  This  view  is 
confirmed  by  the  fact  that  other  chlorides,  capable  of  absorbing  chlorine  like  chromous 
chloride,  also  induce  the  solution  of  the  insoluble  chromic  cliloride — for  example,  ferrous 
chloride,  FeClo,  and  cuprous  cliloride.  The  presence  of  zinc  also  aids  the  solution  of 
chromic  chloride,  owing  to  its  converting  a  portion  of  it  into  chromous  chloride.  The 
solution  of  chromic  chloride  in  water  obtained  by  these  methods  is  perfectly  identical 
with  that  which  is  formed  by  dissolving  chromic  hydroxide  in  hydrochloric  acid.  On 
evaporating  the  green  solution  obtained  in  this  manner,  it  gives  a  green  mass,  con- 
taining water.  On  further  heating  it  leaves  a  soluble  chromic  oxychloride,  and  when 
ignited  it  first  forms  an  insoluble  oxycliloride  and  then  chromic  oxide  ;  but  no  anhy- 
drous chromic  chloride,  CtqCI^,  is  formed  by  heating  the  aqueous  solution  of  chromic 
chloride,  which  forms  an  important  fact  in  support  of  the  view  that  the  green  solu- 
tion of  chromic  chloride  is  nothing  else  but  hydrochloride  of  oxide  of  chromium.  At 
100°  the  composition  of  the  green  hydrate  is  Cr2Cl^,9HoO,  and  on  evaporation  at  the 
ordinary  temperature  over  H2SO4  crystals  are  obtained  with  12  equivalents  of  water ; 
the  red  mass  obtained  at  120°  contains  Cr.,0-,4Cr.2Cl(3,24H20.  The  greater  portion  of 
it  is  soluble  in  water,  like  the  mass  which  is  formed  at  150°.  The  latter  contains 
Cr205,2Cr2Cle,9H20  =  3(Cr20Cl4,3H20) — that  is,  it  presents  the  same  composition  as 
chromic  chloride  in  which  one  atom  of  oxygen  replaces  two  of  chlorine.  And  if  the 
hydrate  of  chromic  chloride  be  regarded  as  Cr205,6HCl,  the  substance  which  is  ob- 
tained should  be  regarded  as  Cr205,4HCl  combined  with  water,  HoO.  The  addition 
of  alkalis — for  example,  baryta — to  a  solution  of  chromic  chloride  immediately  produces 
a  precipitate,  which,  however,  re-dissolves  on  shaking,  owing  to  the  formation  of  one  of 
the  oxychlorides  just  mentioned,  which  may  he  regarded  as  basic  salts.  Thus  we  may 
represent  the  product  of  the  change  produced  on  chromic  chloride  under  the  influence 
of  water  and  heat  by  the  following  formulae  :  first  Cru05,6HCl  or  Cr2Cli;,3H20  is  formed, 
then  Cr203,4HCl,H20  or  Cr20Cl4,3H20,  and  lastly  Cr205,2HCl,2H20  or  Cr.O.Cl2,3H20. 
In  all  three  cases  there  are  2  equivalents  of  chromium  to  at  least  3  equivalents  of 
water.  These  compounds  may  be  regarded  as  being  intermediate  between  chromic 
hydroxide  and  chloride;  chromic  chloride  is  Cr2Clf;,  the  first  oxychloride  Cr2(0H)2Gl4, 
the  second  Cr2(OH)4Cl2,  and  the  hydrate  Cr2(0H)n — that  is,  the  chlorine  is  replaced  by 
hydroxyl. 

It  is  very  important  to  remark  two  circumstances  in  respect  to  this:  (1)  That  the 
whole  of  the  chlorine  in  the  above  compounds  is  not  precipitated  from  their  solutions 
by  silver  nitrate;  thus  the  normal  salt  of  the  composition  Cr2Cle,9H20  only  gives  up 
two-thirds  of  its  chlorine  ;  therefore  Peligot  supposes  that  the  normal  salt  contains  the 
oxychloride  combined  with  hydrochloric  acid:  CroCl|3-(-2H20  =  Cr202Cl2,4IICl,  and  that 
the  chlorine  held  as  hydrochloric  acid  reacts  with  the  silver,  whilst  that  held  in  the 
oxychloride  does  not  enter  into  reaction,  just  as  we  observe  a  very  feebly-developed 
faculty  for  reaction  in  the  anhydrous  chromic  chloride;  and  (2)  if  the  green  aqueous 
solution  of  CrCl^  be  left  to  stand  for  some  time,  it  ultimately  turns  violet ;  in  this  form 
the  whole  of  the  chlorine  is  precipitated  by  AgNOs,  whilst  boiling  re-converts  it  into  the 
green  variety.  Lbwel  obtained  the  violet  solution  of  hydrochloride  of  chromic  oxide  by 
decomposing  the  violet  chromic  sulphate  with  barium  chloride.  Silver  nitrate  precipi- 
tates all  the  chlorine  from  this  violet  modification ;  but  if  the  violet  solution  be  boiled 
and  so  converted  into  the  green  modification,  silver  nitrate  then  only  precipitates  a  portion 
of  the  chlorine. 

Recoura  (1890-1893)  obtained  a  crystallohydrate  of  violet  chromium  sulphate, 
Cr2(S04)5,  with   18   or  15   H2O      By   boiling   a   solution   of    this   crystallohydrate,  he 
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its  salts,  CrX,,  of  a  blue  colour  (se'.'  Notes  7  aud  7  ***^).     The  further 

converted  it  into  the  green  salt,  which,  when  treated  with  alkalis,  gave  n  precipitate 
of  Cr203,2H20,  soluble  in  2H2SO4  (and  not  S),  and  only  forming  the  basic  salt, 
Cro(OH).3(S04).2.  He  therefore  concludes  that  the  green  salts  are  basic  salts.  The 
cryoscopic  determinations  made  by  A.  Speransky  (1892)  and  Marchetti  (1892)  give  a 
greater  *  depression '  for  the  violet  than  the  green  salts,  that  is,  indicate  a  greater 
molecular  weight  for  the  green  salts.  But  as  Etard,  by  heating  the  violet  sulphate  to 
100°,  converted  it  into  a  green  salt  of  the  same  composition,  but  with  a  smaller  amount 
of  HoO,  it  follows  that  the  formation  of  a  basic  salt  alone  is  insufficient  to  explain  the 
difference  between  the  green  and  violet  varieties,  and  this  is  also  shown  by  the  fact  that 
BaClo  precipitates  the  whole  of  the  sulphuric  acid  of  the  violet  salt,  and  only  a  portion 
of  that  of  the  green  salt.  A.  Speransky  also  showed  that  the  molecular  electro- 
conductivity  of  the  green  solutions  is  lesa  than  that  of  the  violet.  It  is  also  known  that 
the  passage  of  the  former  into  the  latter  is  accompanied  by  an  increase  of  volume,  and, 
according  to  Recoura,  by  an  evolution  of  heat  also. 

Piccini's  researches  (1894)  throw  an  important  light  upon  the  peculiarities  of  the 
green  chromium  trichloride  (or  chromic  chloride) ;  he  showed  (1)  that  AgF  (in  contra- 
distinction to  the  other  salts  of  silver)  precipitates  all  the  chlorine  from  an  aqueous 
solution  of  the  green  variety  ;  (2)  that  solutions  of  green  CrCl5,6H20  in  ethyl  alcohol 
and  acetone  precipitate  all  their  chlorine  when  mixed  with  a  similar  solution  of  AgNO^  ; 
(3)  that  the  rise  of  the  boiling-point  of  the  ethyl  alcohol  and  acetone  green  solutions  of 
CrCl-;,6H.iO  (Chapter  YII.,  Note  27  bis)  shows  that  i  in  this  case  (as  in  the  aqueous  solu- 
tions of  MgSO^  and  HgClo)  is  nearly  equal  to  1,  that  is,  that  they  are  like  solutions  of 
non-conductors;  (4)  that  a  solution  of  green  CrCl5  in  methyl  alcohol  at  first  precipitates 
about  Yi  o^  i*s  chlorine  (an  aqueous  solution  about  |)  when  treated  with  AgNOg,  but 
after  a  time  the  whole  of  the  chlorine  is  precipitated  ;  and  (5)  that  an  aqueous  solution 
of  the  green  variety  gradually  passes  into  the  violet,  while  a  methyl  alcoholic  solution 
preserves  its  green  colour,  both  of  itself  and  also  after  the  whole  of  the  chlorine  has 
been  precipitated  by  AgNO.-^.  If,  however,  in  an  aqueous  or  methyl  alcholic  solution 
only  a  portion  of  the  chlorine  be  precipitated,  the  solution  gradually  turns  violet. 
In  my  opinion  the  general  meaning  of  all  these  obser\'ations  requires  further  elucidation 
and  explanation,  which  should  be  in  harmony  with  the  theory  of  solutions.  Recoura, 
moreover,  obtained  compounds  of  the  green  salt,  CrofSOJ^,  with  1,  2,  and  3  molecules  of 
H0SO4,  K0SO4,  and  even  a  compound  Cro(S04)5H2Cr04.  By  neutralising  the  sulphuric 
acid  of  the  compounds  of  Cr2(S04)5  and  H2SO4  with  caustic  soda,  Recoura  obtained  an 
evolution  of  33  thousand  calories  per  each  2NaH0,  while  free  H.1SO4  only  gives  30'8 
.thousand  calories.  Recoura  is  of  opinion  that  special  chromo  sulphuric  acidSj  for 
instance  (CrS04)HoS04  =  iCr2(S04).-,H2S04,  are  formed.  "W'ith  n  still  larger  excess  of 
sulphuric  acid,  Recoura  obtained  salts  containing  a  still  greater  number  of  sulphuric 
acid  radicles,  but  even  this  method  does  not  explain  the  difference  between  the  green  and 
violet  salts. 

These  facts  must  naturally  be  taken  into  consideration  in  order  to  arrive  at 
any  complete  decision  as  to  the  cause  of  the  different  modifications  of  the  clixomic  salts, 
We  may  observe  that  the  green  modification  of  chromic  chloride  does  not  give  double 
salts  with  the  metallic  chlorides,  whilst  the  violet  variety  forms  compounds  Cr2Cl6,2RCl 
(where  R  =  an  alkali  metal),  which  are  obtained  by  heating  the  chromates  with  an  excess 
of  hydrochloric  acid  and  evaporating  the  solution  until  it  acquires  a  violet  colour.  As 
the  result  of  all  the  existing  researches  on  the  green  and  violet  chromic  salts,  it  appears 
to  me  most  probable  that  their  difference  is  determined  by  the  feeble  basic  character  of 
chromic  oxide,  by  its  faculty  of  giving  basic  salts,  and  by  the  colloidal  properties  of  its 
hydroxide  (these  three  properties  are  mutually  connected),  and  moreover,  it  seems  to  me 
that  the  relation  between  the  green  and  violet  salts  of  chromic  oxide  best  answers  to  the 
relation  of  the  purpureo  to  the  luteo  cobaltic  salts  (Chapter  XXII.,  Note  35).  This 
subject  cannot  yet  be  considered  as  exhausted  {see  Note  7). 

"We  may  here  observe  that  with  tin  the  chromic  salts,  CrX-,  give  at  low  temperatures 
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reduction "  of  oxide  of  chromium  and  its  corresponding  compounds 
gives  metallic  chromium.  Deville  obtained  it  (probably  containing 
carbon)  by  reducing  chromic  oxide  with  carbon,  at  a  temperature  near 
the  melting  point  of  platinum,  about  1750°,  but  the  metal  itself  does 
not  fuse  at  this  temperature.  Chromium  has  a  steel-grey  colour  and  is 
very  hard  (sp.  gr.  5'9),  takes  a  good  polish,  and  dissolves  in  hydro- 
chloric acid,  but  cold  dilate  sulphuric  and  nitric  acids  have  no  action 
upon  it.  Bunsen  obtained  metallic  chromium  by  decomposing  a  solution 
of  chromic  chloride,  CrjClg,  by  a  galvanic  current,  as  scales  of  a  grey 
colour  (sp.  gr.  7'3).  Wohler  obtained  crystalline  chromium  by  igniting 
a  mixture  of  the  anhydrous  chromic  chloride  Cr2Cl5  (src  Note  7  bis) 
with  finely-divided  zinc,  and  sodium  and  potassium  chlorides,  at  the 
boiling-point  of  zinc.     When  the  resultant  mass  has  cooled  the  zinc  may 

CrXo  and  SnX.,,  whilst  at  liigll  temperatures,  on  the  contrary,  CrX^  reduces  the  metal 
from  its  salts  SnX.j.  The  reaction,  therefore,  belongs  to  the  class  of  reversible  reac- 
tions (Beketoii). 

Poulenc  obtained  auliydrous  CrF-  {sx3.  gr.  3"78)  and  CrF2  (sp.  gr.  4*11)  by  the 
action  of  gaseous  HF  upon  CrCU.  A  solution  of  fluoride  of  chromium  is  employed  as  a 
mordant  in  dyeing.  Kecoura  (1890)  obtained  green  and  violet  varieties  of  Cr2Bry,0H.jO. 
The  green  variety  can  only  be  kept  in  the  presence  of  an  excess  of  HBr  in  the  solution  ; 
if  alone  its  solution  easily  passes  into  the  violet  variety  with  evolution  of  heat. 

^  The  reduction  of  metallic  chroiriium  proceeds  with  comparative  ease  in  aqueous 
solutions.  Thus  the  action  of  sodium  amalgams  upon  a  strong  solution  of  Cr^Cl^  gives 
(first  CrCl.j)  an  amalgam  of  chromium  from  which  the  mercury  may  be  easily  driven  off 
by  heating  (in  hydrogen  to  avoid  oxidation),  and  there  remains  a  spongy  mass  of  easily 
oxidizable  chromium.  Plaset  (1891),  by  passing  an  electric  current  through  a  solution  of 
chrome  alum  mixed  with  a  small  amount  of  H2SO4  and  K2SO.J,  obtained  hard  scales  of 
chromium  of  a  bluish-white  colour  loossessing  great  hardness  and  stability  (under  the 
action  of  water,  air,  and  acids).  Glatzel  (1890)  reduced  a  mixture  of  2KC1 -t- Cr.^Clij  by 
heating  it  to  redness  with  shavings  of  magnesium.  The  metallic  chromium  thus 
obtained  has  the  appearance  of  a  fine  light-grey  powder  which  is  seen  to  be  crystalline 
under  the  microscope  ;  its  sp.  gr.  at  Ifl^  is  6'7284.  It  fuses  (with  anhydrous  borax)  only  at 
the  highest  temperatures,  and  after  fusion  presents  a  silver-white  fracture.  The  strongest 
magnet  has  no  action  upon  it. 

Moissan  (1893)  obtained  chromium  by  reducing  the  oxide  Cr.jO,-  with  carbon  in  the 
electrical  furnace  (Chapter  VIII.,  Note  17)  in  9-10  minutes  with  a  current  of  850  amptn-es  and 
50  volts.  The  mixture  of  oxide  and  carbon  gives  a  bright  ingot  weighing  100-110  grams. 
A  current  of  100  amperes  and  50  volts  completes  the  experiment  upon  a  smaller  quantity 
of  material  in  15  minutes  ;  a  current  of  SO  amperes  and  50  volts  gave  an  ingot  of  10  grams 
in  30-40  minutes.  The  resultant  carbon  alloy  is  more  or  less  rich  in  chromium 
(from  87'37-91-7  p.c).  To  obtain  the  metal  free  from  carbon,  the  alloy  is  broken  into 
large  lumps,  mixed  with  oxide  of  chromium,  put  into  a  crucible  and  covered  with  a 
layer  of  oxide.  This  mixture  is  then  heated  in  the  electric  furnace  and  the  pure  metal 
is  obtained.  This  reduction  can  also  be  carried  on  with  chrome  iron  ore  FeOCrjO; 
which  occurs  in  nature.  In  this  case  a  homogeneous  alloy  of  iron  and  chromium 
is  obtained.  If  this  alloy  be  thrown  in  lumps  into  molten  nitre,  it  forms  insoluble 
sesquioxide  of  iron  and  a  soluble  alkaline  chromate.  This  alloy  of  iron  and 
chromium  dissolved  in  molten  steel  (chrome  steel)  renders  it  hard  and  tough,  90  that 
such  steel  has  many  valuable  applications.  The  alloy,  contahiing  about  3  p.c.  Cr  and 
about  13  p.c.  carbon,  is  even  harder  than  the  ordinary  kinds  of  tempered  steel  and  has  a 
fine  granular  fracture.  The  usual  mode  of  preparing  the  ferrochromes  for  adding  to 
steel  is  by  fusing  powdered  chrome  iron  ore  under  fluxes  in  a  graphite  crucible. 
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be  dissolved  in  dilute  nitric  acid,  and  grey  crj'stalline  chromium  (sp.  gr. 
6-Sl)  is  left  behind.  Fremy  also  prepared  crystalline  chromium  by  the 
action  of  the  \'apour  of  sodium  on  anhydrous  chromic  chloride  in  a 
stream  of  hydrogen,  using  the  apparatus  shown  in  the  accompanying 
drawing,  and  placing  the  sodium  and  the  chromic  chloride  in  separate 
porcelain  boats.  The  tube  containing  these  boats  is  only  heated  when 
it  is  quite  full  of  dry  hydrogen.  The  crystals  of  metallic  chromium 
obtained  in  the  tube  are  grey  cubes  having  a  c(.insiderable  liardiiess  and 
withstanding  the  action  of  powerful  acids,  and  even  of  aqua  regia. 
The  chromium  obtained  by  A\'ohler  by  the  action  of  a  galvanic  current 
i?,  on  the  contrary,  acted  on  under  these  conditions.  The  reason  of 
this  difference  must  be  looked  for  in  the  presence  of  impurities,  and  in 
the  crystalline  structure.     But  in  any  case,  among  the  properties  of 
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-  Apparatus  for  the  preparation  of  metallic  cUroraiuni  by  ignitiug  chrouiic  chloride 
and  sodium  in  a  stream  of  livdrogen. 


metallic  chromium,  the  following  may  be  considered  established  :  it  is 
white  in  colour,  with  a  specific  gravity  of  about  6-7,  is  extremely  hard 
in  a  crystalline  form,  is  not  oxidised  by  air  at  the  ordinary  temperature, 
and  with  carbon  it  forms  alloys  like  cast  iron  and  steel. 

The  two  analogues  of  chromium,  molybdenum  and  tungsten  (or  wol- 
fram), are  of  still  rarer  occurrence  in  nature,  and  form  acid  oxides,  RO3, 
which  are  still  less  energetic  than  Cr03.  Tungsten  occurs  in  the  some- 
what rare  minerals,  scheelite,  Cs.\\'0^,  and  u-olfram  ;  the  latter  being  an 
isomorphous  mixture  of  the  normal  tungstates  of  iron  and  manganese, 
(MnFe)"\"\  O.,.  Molybdenum  is  most  frequently  met  with  as  molybdenite, 
MoS,,  which  presents  a  certain  resemblance  to  graphite  in  its  physical 
properties  and  softness.  It  also  occurs,  but  much  more  rarely,  as  a 
yellow  lead  ore,  PbMoOj.  In  both  these  forms  molybdenum  occurs  in 
the  primary  rocks,  in  granites,  gneiss,  Ac,  and  in  iron  and  copper  ores 


CHEOJIIiril,    MOLYBDENUM,    TUNGSTEN,    UBANIU3I,    ETC.      291 

in  Saxony,  Sweden,  and  Finland.  Tungsten  ores  are  sometimes  met 
with  in  considerable  masses  in  the  primary  rocks  of  Bohemia  and 
Saxony,  and  also  in  England,  America,  and  the  Urals.  The  pre- 
liminary treatment  of  the  ore  is  very  simple  ;  for  example,  the  sulphide, 
M0S2,  is  roasted,  and  thus  converted  into  sulphurous  anhydride  and 
molybdio  anhydride,  MoO^,  which  is  then  dissolved  in  alkalis,  generally 
in  ammonia.  The  ammonium  molybdate  is  then  treated  with  acids, 
when  the  sparingly  soluble  molybdic  acid  is  precipitated.  Wolfram  is 
treated  in  a  different  manner.  Most  frequently  the  finely -ground  ore  is 
repeatedly  boiled  with  hydrochloric  and  nitric  acids,  and  the  resultant 
solutions  (of  salts  of  manganese  and  iron)  poured  off,  until  the  dark 
brown  mass  of  ore  disappears,  whilst  the  tungstio  acid  remains,  mixed 
with  silica,  as  an  insoluble  residue  ;  it  is  treated  also  with  ammonia, 
and  is  thus  converted  into  soluble  ammonium  tungstate,  which  passes 
into  solution  and  yields  tungstic  acid  when  treated  with  acids.  This 
hydrate  is  then  ignited,  and  leaves  tungstic  anhydride.  The  general 
character  of  molybdic  and  tungstic  anhydrides  is  analogous  to  that  of 
chromic  anhydride  ;  they  are  anhydrides  of  a  feebly  acid  character, 
which  easily  give  polyaoid  salts  and  colloid  solutions.'*  i^"* 

8  bia  The  atomic  composition  of  tlie  tungsten  and  molybdeniini  compounds  is  taken  as 
being  identical  with  tliat  of  tlie  compounds  of  sulphur  and  chromium,  because  (1)  both 
these  metals  give  two  oxides  in  which  the  amounts  of  o.xygen  per  given  amount  of  metal 
stand  in  the  ratio  2 ;  3 ;  (2)  the  higher  oxide  is  of  the  latter  kind,  and,  like  chromic 
and  sulphuric  anhydrides, it  has  an  acid  character;  (3)  certain  of  the molybdates  are  iso- 
morphous  with  the  sulphates  ;  (4)  the  specific  heat  of  tungsten  is  0'0334,  consequently 
the  product  of  the  atomic  weight  and  specific  heat  is  6'15,  like  that  of  the  other  elements 
— it  is  the  same  with  molybdenum,  96*0  x  0'0722  =  6'9  ;  (5)  tungsten  forms  with  chlorine 
not  only  compounds  WCly,  WCI5,  and  WOCl.^,  but  also  "WO2CL,,  a  volatile  substance  the 
a,nalogue  of  chromyl  chloride,  CrOoCl^,  and  sulpliuryl  chloride,  SO^Cl^.  Molybdenum 
gives  the  chlorine  compounds,  MoCl,,  MoCl^f?),  MoCLi  (fuses  at  194°,  boils  at  268° ; 
according  to  Debray  it  contains  M0CI5),  MoOCl,,  MoOoCl,,  and  MoO.,(OH)Cl.  The 
existence  of  tungsten  hexachloride,  WClg,  is  an  excellent  proof  of  the  fact  that  the  type 
SXy  appears  in  the  analogues  of  sulphur  as  in  SO-;  ((1)  the  vapour  density  accurately 
determined  for  the  chlorine  compounds  MoCl.[,  WCl,;,  "WCI5,  WOClj  (Roscoe)  leaves  no 
doubt  as  to  the  molecular  composition  of  the  compounds  of  tungsten  and  molybdenum, 
for  the  observed  and  calculated  results  entirely  agree. 

Tungsten  is  sometimes  called  scheele  in  honour  of  Scheele,  who  discovered  it  in  1781 
and  molybdenum  in  1778.  Tungsten  is  also  known  as  wolfram ;  the  former  name  was  the 
name  given  to  it  by  Scheele,  because  he  extracted  it  from'  the  mineral  then  known  as 
tungsten  and  now  called  soheelite,  CaWO.,.  The  researches  of  Eoscoe,  Blomstrand  and 
others  have  subsequently  thrown  considerable  light  on  the  whole  history  of  the  compounds 
of  molybdenum  and  tungsten. 

The  ammonium  salts  of  tungsten  and  molybdic  acids  when  ignited  leave  the  anhy- 
drides, which  resemble  each  other  in  many  respects.  Tungsten  anhijtlride,  V-'O^,  is  a 
yellowish  substance,  which  only  fuses  at  a  strong  heat,  and  has  a  sp.  gr.  of  &H.  It  is 
insoluble  both  in  water  and  acid,  but  solubions  of  the  alkalis,  and  even  of  the  alkali  car- 
bonates, dissolve  it,  especially  when  heated,  forming  alkaline  salts.  Molyhdic  anhydride, 
MoO;,  is  obtained  by  igniting  the  acid  (hydrate)  or  the  ammonium  salt,  and  forms  a 
white  mass  which  fuses  at  a  red  heat,  and  solidifies  to  a  yellow  crystalline  mass  of  sp.  gr. 
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Hydrogen  (-which  does  not  directly  form  compounds  with  Cr,  Mo, 

4'4;  whilst   on  further  heating  in  open   vessels   (ir  in  a  stream  of  air  this  anhydride 
sublimes  in  pe.irly  scales — this  enables  it  to  be  obtained  in  a  tolerably  pure  state.     Wjiter 
dissolves  it  in  small  quantities — namely,  1  part  requires  600  parts  of  water  for  its  solution. 
The  hydrates  of  molybdie  anhydride  are  soluble  also   in  aciils  (a  hydrate,  H.^MoOj,  is 
obtained  from  the  nitric  acid  solution  of  the  ammonium  salt),  which  forms  one  of  their 
distinctions  from  the  tungstic  acids.     But  after  ignition  niolybdic  anhydi-ide  is  insoluble 
in  acids,  like  tungstic  anhydride  ;  alkalis  dissolve  this  iinhydride,  easily  forming  molybdates. 
Potassium  bitartrate  dissolves  the  anhydride  with  the  aid  of  heat.     None  of  the  acids- 
yet  considered  by  us  form  so  many  different  salts  with  one  and  the  same  base  (alkali)  as 
molybdie  and  tungstic  acids.     The  composition  of  these  salts,  and  their  properties  also, 
vary  considerably.     The  most  important  discovery  in  this  respect  was  made  by  Margue- 
rite and  Laurent,  who  showed  that  the  salts  which  contain  a  large  proportion  of  tungstic 
acid  are  easily  soluble  in  water,  and  ascribed  this  property  to  the  fact  that  tungstic  acid 
may  be  obtained  in  several  states.     The  common  tungstates,  obtained  with  an  e.xcess  of 
alkali,  have  an  alkaline  reaction,  and  on  the  addition  of  sulphuric  or  hydrochloric  acid 
first  deposit  an  acid  salt  and  then  a  hydrate  of  tungstic  acid,  which  is  insoluble  both  in 
water  and  acids  ;  but  if  instead  of  sulxihuric  or  hydrochloric  acids,  we  add  acetic  or  phos- 
phoric acid,  or  if  the  tungstate  be  saturated  with  a  fresh  quantity  of  tmigstic  acid,  which 
may  be  done  by  boiling  the  solution  of  the  alkali  salt  with  the  precipitated  tungstic  acid, 
a  solution  is  obtained  which,  on  the  addition  of  sulphuric  or  a  similar  acid,  does  not 
give  a  precipitate  of  tungstic  acid  at  the  ordinary  or  at  higher  temperatures.    The  solution 
then  contains  peculiar  salts  of  tungstic  acid,  and  if  there  be  an  excess  of  acid  it  also 
contains  tungstic  acid  itself;  Laurent,  Riche,  and  others  called  it  metatungstie  aciil,  and 
it  is  still  known  by  this  name.     Those  salts  which  with  acids  immediately  give  the  in- 
soluble tungstic  acid  have  the  compiosition  R_,-\V04,  EH'\V04,  whilst  those  which  give 
the  soluble  metatungstie  acid  contain  a  far  greater  proportion  of  the  acid  elements. 
Scheibler  obtained  the  (soluble)  metatungstie  acid  itself  by  treating  the  soluble  barium 
(meta)  tetratungstate,  BaO,4WO-.,  with  sulphuric  acid.     Subsequent  research  showed  the 
existence  of  a  similar  phenomenon  for  molybdie  acid.     There  is  no  doubt  that  this  is  a 
case  of  colloidal  modifications. 

Many  chemists  have  worked  on  the  various  salts  formed  by  molybdie  and  tungstic 
acids.  The  tungstates  have  been  investigated  by  Marguerite,  Laurent,  Marignai;, 
Kiehe,  Soheibler,  Anthon,  and  others.  The  niolybdates  were  partially  studied  by  the 
same  chemists,  but  chiefly  by  Struve  and  Svanberg,  Delafontaine,  and  others.  It  appears 
that  for  a  given  amount  of  base  the  salts  contain  one  to  eight  equivalents  of  molybdie  or 
tungstic  anhydride  ;  i.e.  if  the  base  have  the  composition  EO,  then  the  highest  proportion 
at  base  will  be  contained  by  the  salts  of  the  composition  BOWO3  or  EOM0O5 — that  is,  by 
those  salts  which  correspond  with  the  normal  acids  H.jWOj  and  HjMoO.i,  of  th"  same  nature 
as  sulphuric  acid ;  but  there  also  exist  salts  of  the  composition  R0,2W0.-,  KO,3W05  .  .  . 
EOjSWOs.  The  watei-  contained  in  the  composition  of  many  of  the  acid  salts  is  often 
not  taken  into  account  in  the  above.  The  properties  of  the  salts  holding  different  pro- 
portions of  acids  vary  considerably,  but  one  salt  may  be  converted  into  another  by  tlje 
addition  of  acid  or  base  with  gi-eat  facility,  and  the  gi-eater  the  proportion  of  the  elements 
of  the  acid  in  a  salt,  the  more  stable,  within  a  certain  limit,  is  its  solution  and  the  salt 
itself. 

The  most  common  ammonium  molybdate  has  the  composition  (XH|HO)6,H.,0,7Mo05 
(or,  accordmg  to  Marignac  and  others,  NH4HM:o04),  and  is  prepared  by  evaporating  an 
ftmmoniacal  solution  of  molybdie  acid.  It  is  used  in  the  laboratory  for  precipitating 
phosphoric  acid,  and  is  purified  for  this  purpose  by  mixing  its  solution  with  a  small 
quantity  of  magnesium  nitrate,  in  order  to  precipitate  any  phosphoric  acid  present,  filter- 
ing, and  then  adding  nitric  acid  and  evaporating  to  dryness,  A  pure  ammonium  molyb- 
date free  from  phosphoric  acid  may  then  be  extracted  from  the  residue. 

Phosphoric  acid  forms  insoluble  compcunds  with  the  oxides  of  uranium  and  iron, 
tin,  bismuth,  &e.,  ha^-ing  feeble  basic  and  even  acid  jiroperties.     This  perhaps  depends 
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^ncl  W)  reduces  molybclic  and  tungstic  anhydride  at  a  red  heat  ;  and 

■on  the  fact  tliat  the  atoms  cf  hydrogen  in  phosphoric  acid  are  of  a  very  different 
character,  as  we  saw  above.  Those  atoms  of  hydrogen  which  are  rephiced  with  difficulty 
by  ammonium,  sodium,  Sec,  are  probably  easily  replaced  by  feebly  energetic  acid 
groups— that  is,  the  formation  of  particular  complex  snbstani:es  may  be  expected  to 
take  place  at  the  expense  of  these  atoms  of  the  hydrogen  of  phosphoric  acid  and  of 
certain  feeble  metallic  acids ;  and  these  substances  will  still  be  acids,  because  the 
hydrogen  of  the  phosphoric  acids  and  metallic  acids,  which  is  easily  replaced  by  metals, 
is  not  removed  by  their  mutual  combination,  but  remains  in  the  resultant  comxiound. 
Such  a  conclusion  is  verified  in  the  pliospliomolyhdic  acids  obtained  (18^8)  by  Debray. 
If  a  solution  of  ammonium  molybdate  be  acidifiedj  and  a  small  amount  of  a  solution  (it 
may  be  acid)  containing  orthophosphoric  acid  or  its  salts  be  added  to  it  (so  that  there  are 
at  least  40  parts  of  molybdic  acid  x^resent  to  1  part  of  phosphoric  acid),  then  after  a  jieriod 
of  twenty-four  hours  the  whole  of  the  phosphoric  acid  is  separated  as  a  yellow  precipitate, 
containing,  however,  not  more  than  3  to  4  p.c.  of  phosphoric  anhydride,  about  o  p.c.  of 
ammonia,  about  90  p.c.  of  molybdic  anhydride,  and  about  4  p.c.  of  water.  The  formation 
of  this  precipitate  is  so  distinct  and  so  complete  that  this  method  is  employed  for  the  dis- 
covery and  separation  of  the  smallest  quantities  of  phosphoric  acid.  Phosphoric  acid  was 
found  to  be  present  in  the  majority  of  rocks  by  this  means.  The  precipitate  is  soluble 
in  ammonia  and  its  salts,  in  alkalis  and  phosphates,  but  is  perfectly  insoluble  in  nitric, 
sulphuric,  and  hydrochloric  acids  in  the  presence  of  ammonium  molybdate.  The  compo- 
sition of  the  precipitate  appears  to  vary  under  the  conditions  of  its  precijiitation,  but  its 
nature  became  clear  when  the  acid  corresponding  with  it  was  obtained.  If  the  above- 
described  yellow  precipitate  be  boiled  in  aqua  regia,  the  ammonia  is  destroyed,  and 
an  acid  is  obtained  in  solution,,  which,  when  evaporated  in  the  air,  crystallises  out  in  yellow 
oblique  prisms  of  approximately  the  composition  P2O5,20MoO5,26ll2O.  Such  an  unusual 
proportion  of  component  parts  is  explained  by  the  above-mentioned  considerations.  We 
saw  above  that  molybdic  acid  easily  gives  salts  R-jO^JVEoOsi^iHgO,  which  we  may  imagine 
to  correspond  to  a  hydrate  M^o0.2(&0).m'M.oO-in'H..,0.  And  suppose  that  such  a  hydrate 
reacts  on  orthophosphoric  acid,  forming  water  and  compounds  of  the  composition 
Mo02(HP04)?iMo03»tHoO  or  MoO.-.(H.jP04)onMo05?/(HoO  ;  this  is  actually  the  composi- 
tion of  phosphomolybdic  acid.  Probably  it  contains  a  portion  of  the  hydrogen  rex^laceable 
by  metals  of  both  the  acids  HjP04  and  of  H.2M0O4.  The  crystalline  acid  above  is 
probably  H-MoPOyjOMoO^jiaH-^O.  This  acid  is  really  tribasic,  because  its  aqueous 
solution  precipitates  salts  of  potassium,  ammonium,  rubidium  (but  not  lithium  and 
sodium)  from  acid  solutions,  and  gives  a  yelloiv  precipitate  of  the  coini^osition 
K;;MoP07,9MoO-,8H.20,  where  R  =  NH4.  Besides  these,  salts  of  another  composition 
may  be  obtained,  as  would  be  expected  from  the  jireceding.  These  salts  are  only  stable 
in  acid  solutions  (which  is  naturally  due  to  their  containing  an  excess  of  acid  oxides), 
whilst  under  the  action  of  alkalis  they  give  colourless  phosphomolybdates  of  the  compo- 
sition R^MoPO-jMoO^jSIIsO.  The  corresponding  salts  of  potassium,  silver,  ammonium, 
are  easily  soluble  in  water  and  crystalline. 

Phosphomolybdic  acid  is  an  example  of  the  coin;plex  inorganic  acids  first  obtained 
by  Marignac  and  afterwards  generalised  and  studied  in  detail  by  Gibbs.  We  shall 
afterwards  meet  with  several  examples  of  such  acids,  and  we  will  now  turn  attention  to 
the  fact  that  they  are  usually  formed  by  weak  polybasic  acids  (boric,  silicic,  molybdic, 
&c.),  and  in  certain  respects  resemble  the  cobaltic  and  such  similar  complex  compounds, 
with  which  we  shall  become  acquainted  in  the  following  chapter.  As  an  example  we  will 
here  mention  certain  complex  compounds  containing  molybdic  and  tungstic  acids,  as  they 
will  illustrate  the  possibility  of  a  considerable  complexity  in  the  composition  of  salbs. 
The  action  of  ammonium  molybdate  upon  a  dilute  solution  of  purpureo- cobaltic  salts  [see 
Chapter  XXII.)  acidulated  with  acetic  acid  gives  a  salt  which  after  drying  at  lOO'^  has  the 
composition  Co^O^lONH-YMoOsSH.^O.  After  ignition  this  salt  leaves  a  residue  having  the 
composition  2Co07MoOr,.  An  analogous  compound  is  also  obtained  for  tungstic  acid,  having 
the  composition  Co2O5l0NH5l0WO.-9II^O.  In  this  case  after  ignition  there  remains  a  salt 
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this  forms  the  means  of  obtaining  metallic  molybdenum  and  tungsten, 

of  the  composition  Co05W0~  (Camot,  1889).  Professor KoumaltofE,  by  treating  a  solution  of 
potassium  and  sodium  molybdates,  containing  a  certain  amount  of  suboxide  of  cobalt,  with 
bromine  obtained  saJts  having  the  composition  :  3K.2OCo.;O-12MoO.-,20H.^O  (light  green) 
and3K.iOCo.O-10Mo-10EL.O  (darkgreen).  Pechard  {1893}  obtained  salts  of  the  four  complex 
phosphotungstic  acids  by  evaporating  equivalent  mixtures  of  solutions  of  phosphoric  acid 
and  metatungstic  acid  {see  further  on) ;  phosphotrimetatungstic  acid  P20ril2WO,-,48lL;Oy 
phosphotetramefatungstic  acid  P205l6'W0.369H20,  phosphopentametatungstic  acid 
PyOsaOWO^HgO,  and  phosphohexametatungstic  acid  P.^OsS^WO.-.nyHaO.  Kehi-mann 
and  Frankel  described  still  more  complex  salts,  such  as :  3Ag^04BaOP20522WO-,H20^ 
5Ba02K.;OP20522"WO-48H.20.  Analogous  double  salts  with  22WO~  were  also  obtained 
with  KSr,  KHg,  BaH^,  and  NH4Pb.  Kehrmann  (1892)  considers  the  possibility  of 
obtaining  an  unlimited  number  of  such  salts  to  be  a  general  characteristic  of  such  com- 
pounds, Mahom  and  Friedheim  (1892)  obtained  compounds  of  similar  complexity  for 
molybdic  and  arsenic  acids. 

For  tungstic  acid  there  are  known :  (1)  Normal  salts— for  example,  K.^WCt ;  (2)  the 
so-called  acid  salts  have  a  composition  like  3K.O,7WO-,GH,0  or  KqRq(WO  ,)7,2H20  ;  (3) 
the  tritungstates  like  Na,-0,3W05,3H~0  =  Na.H.,("\V04)-,HyO.  All  these  three  classes  of 
salts  are  soluble  in  water,  but  are  precipitated  by  barium  cliloride,  and  with  acids  in  solu- 
tion give  an  insoluble  hydrate  of  tungstic  acid ;  whilst  those  salts  which  ure  enumerated 
below  do  not  give  a  precipitate  either  with  acids  or  with  the  salts  of  the  heavy  metals,  be- 
cause they  form  soluble  salts  even  with  barium  and  lead.  They  are  generally  called  meta- 
tungstates.  They  all  contain  water  and  a  larger  proportion  of  acid  elements  than  the 
preceding  salts  ;  (4j  the  tetratungstates,  like  Na,O,4WO-,10H._;O  and  BaO,4WOo,9H20  for 
example  ;  (5)  the  octatungstates — for  example,  Na20,8WO,-^,24H20.  Since  the  metatung- 
states  lose  so  much  water  at  100°  that  they  leave  salts  whose  composition  corresponds 
with  an  acid,  3H20,4"W05 — that  is,  H,iW40]5 — whilst  in  the  meta  salts  only  2  hydrogens 
are  replaced  by  metals,  it  is  assumed,  although  without  much  ground,  that  these  salta 
contain  a  particular  soluble  metatungstic  acid  of  the  composition  H,,W40i5. 

As  an  example  we  will  give  a  short  description  of  the  sodium  salts.  The  normal 
salt,  NajWOi,is  obtained  by  heating  a  strong  solution  of  sodium  carbonate  with  tungstic 
acid  to  a  temperature  of  80°  ;  if  the  solution  be  filtered  hot,  it  crystallises  in  rhombic 
tabular  crystals,  having  the  composition  Xa2W04,2H.,0,  which  remain  unchanged  in  the 
air  and  are  easily  soluble  in  water.  When  this  salt  is  fused  with  a  fresh  quantity  of 
tungstic  acid,  it  gives  a  ditungstate,  which  is  soluble  in  water  and  separates  from  its 
solution  in  crystals  containing  water.  The  same  salt  is  obtained  by  carefully  adding 
hydrocliloric  acid  to  the  solution  of  tlie  normal  salt  so  long  as  a  precipitate  does  not 
appear,  and  the  liquid  still  has  an  alkaline  reaction.  This  salt  was  first  supposed  to 
have  the  composition  Xa2W.^07,4H20,  but  it  has  since  been  found  to  contain  (at  100°) 
NaGW702.},16H20 — that  is,  it  corresponds  with  the  similar  salt  of  molybdic  acid. 

(If  this  salt  be  heated  to  a  red  heat  in  a  stream  of  hydrogen,  it  loses  a  portion  of  its 
oxygen,  acquires  a  metallic  lustre,  and  turns  a  golden  yellow  colour,  o,nd,  after  being 
treated  with  water,  alkali,  and  acid,  leaves  golden  yellow  leaflets  and  cubes  which  are 
very  like  gold.  This  very  remarkable  substance,  discovered  by  "SViJhler,  hay,  according 
to  Malaguti's  analysis,  the  composition  'Ssl.2W~0q  ;  that  is,  it,  as  it  were,  contains  a 
double  tungstate  of  tungsten  oxide,  WO^,  and  of  sodium,  Na_,WO,,"\VO._,WO-.  The 
decomposition  of  the  fused  sodium  salt  is  best  effected  by  finely-divided  tin.  This  sub- 
stance has  a  sp.  gr.  6'6;  it  conducts  electricity  like  metals,  and  like  them  has  a  metallic 
lustre.  When  brought  into  contact  with  zinc  and  sulphuric  acid  it  disengages  hydrogen, 
and  it  becomes  covered  with  a  coating  of  copper  in  a  solution  of  copper  sulphate  in  the 
presence  of  zinc — that  is,  notwithstanding  its  complex  composition  it  presents  to  a 
certain  extent  the  appearance  and  reactions  of  the  metals.  It  is  not  acted  on  by  aqua 
regia  or  alkaline  solutions,  but  it  is  oxidised  when  ignited  in  air.) 

The  ditungstate  mentioned  above,  deprived  of  water  (having  undergone  a  modifica- 
tion similar  to  that  of  me tapho spheric  acid),  after  being  treated  with  water,  leaves  an 
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Both  metals   are   infusible,  and  both  under  the  action  of   heat   form 

anhydrous,  sparingly  soluble  tetratungstate,  Na^WOjjSWOj,  which,  when  heated  at  120° 
in  a  closed  tube  with  water,  passes  into  au  easily  soluble  metatungstate.  It  may  there- 
fore be  said  that  the  metatungstate s  are  hydrated  compounds.  On  boiling  a  solution  of 
the  above-mentioned  salts  of  sodium  with  the  yellow  hydrate  of  tungstic  acid  they  give 
a  solution  of  metatungstate,  which  is  the  hydrated  tetratungstate.  Its  crystals  contain 
Na-2W4Oi5,10H^O.  After  the  hydrate  of  tungstic  acid  (obtained  from  the  ordinary  tung- 
states  by  precipitation  with  an  acid)  has  stood  a  long  time  in  contact  with  a  solution  {hot 
or  cold)  of  sodium  tungstate,  it  gives  a  solution  which  is  not  precipitated  by  hydrochloric 
acid ;  this  must  be  filtered  and  evaporated  over  sulphuric  acid  in  a  desiccator  (it  is  de- 
composed by  boiling).  It  first  forms  a  very  dense  solution  (aluminium  floats  in  it)  of 
sp.  gr.  3'0,  and  octahedral  crystals  of  sodium  tnetatung state,  '^Q,2y^^0y~,l^'K^0,  sp.  gr. 
3"85,  then  separate.  It  effloresces  and  loses  water,  and  at  100'^  only  two  out  of  the 
ten  equivalents  of  water  remain,  but  the  properties  of  the  salt  remain  unaltered.  If  the 
salt  be  deprived  of  water  by  further  heating,  it  becomes  insoluble.  At  the  ordinary 
temperature  one  part  of  water  dissolves  ten  parts  of  the  metatungstate.  The  other 
metatungstates  are  easily  obtained  from  this  salt.  Thus  a.  strong  and  hot  solution, 
mixed  with  a  like  solution  of  barium  chloride,  gives  on  cooling  crystals  of  barium  meta- 
tungstate, BaW40i5,9H20.  These  crystals  are  dissolved  without  change  in  water  con- 
taining hydrochloric  acid,  and  also  in  hot  water,  but  they  are  partially  decomposed  by 
cold  water,  with  the  formation  of  a  solution  of  metatungstic  acid  and  of  the  normal 
barium  salt  BaW04. 

In  order  to  explain  the  difference  in  the  properties  of  the  salts  of  tungstic  acid,  we 
may  add  that  a  mixture  of  a  solution  of  tungstic  acid  with  a  solution  of  silicic  acid  does 
not  coagulate  when  heated,  although  the  silicic  acid  alone  would  do  so ;  this  is  due  to 
the  formation  of  a  silicotungstic  acid,  discovered  by  Marignac,  which  presents  a  fresh 
example  of  a  complex  acid.  A  solution  of  a  tungstate  dissolves  gelatinous  silica,  just  as 
it  does  gelatinous  tungstic  acid,  and  when  evaporated  deposits  a  crystLiUine  salt  of 
silicotungstic  acid.  This  solution  is  not  precipitated  either  by  acids  (a  clear  analogy  to 
the  metatungstates)  or  by  sulphuretted  hydrogen,  and  corresponds  with  a  series  of  salts. 
These  salts  contain  one  equivalent  of  silica  and  8  equivalents  of  hydrogen  or  metals,  in 
the  same  form  as  in  salts,  to  12  or  10  equivalents  of  tungstic  anhydride  ;  for  exafmple. 
the  crystalline  potassium  salt  has  the  composition  K3Wi2Si042,14H.jO  =  4K^O,12W03,, 
Si02,14H20.  Acid  salts  are'  also  known  in  which  half  of  the  metal  is  replaced  hj 
hydrogen.  The  complexity  of  the  composition  of  such  complex  acids  (for  example,  of 
the  phosxDhomolybdic  acid)  involuntarily  leads  to  the  idea  of  polymerisation,  which  we 
were  obliged  to  recognise  for  silica,  lead  oxide,  and  other  compounds.  This  polymerisa- 
tion, it  seems  to  me,  may  be  understood  thus  :  a  hydrate  A  (for  example,  tungstic  acid)^ 
is  capable  of  combining  with  a  hydrate  B  (for  example,  silica  or  phosphoric  acid,  with 
or  without  the  disengagement  of  water),  and  by  reason  of  this  faculty  it  is  capable  of 
polymerisation — that  is,  A  combines  with  A — combines  with  itself — just  as  aldehyde, 
C3H4O,  or  the  cyanogen  compounds  are  able  to  combine  with  hydrogen,  oxygen,  &c., 
and  are  liable  to  polymerisation.  On  this  view  the  molecule  of  tungstic  acid  is  probably 
much  more  complex  than  we  represent  it ;  this  agrees  with  the  easy  volatility  of  such 
compomids  as  the  chloranhydrides,  CrO.^Cl.,,  MoO^Clj,  the  analogues  of  the  volatile 
sulphuryl  chloride,  SO-Cl^,  and  with  the  non-volatility,  or  difficult  volatility,  of  chromic 
and  molybdic  anhydrides,  the  analogues  of  the  volatile  sulphuric  anhydride.  Such  a 
view  also  finds  a  certain  confirmation  in  the  researches  made  by  Graham  owih-Q  colloidal 
state  of  tungstic  acid,  because  colloidal  properties  only  appertain  to  compounds  of  a  very 
complex  composition.  The  observations  made  by  Graham  on  the  colloidal  state  of 
tungstic  and  molybdic  acids  introduced  much  new  matter  into  the  history  of  these  sub- 
stances. "When  sodium  tungstate,  mixed  in  a  dilute  solution  with  an  equivalent  quantity 
of  dilute  hydrochloric  acid,  is  placed  in  a  dialyser,  hydrochloric  acid  and  sodium  chloride 
pass  through  the  membrane,  and  a  solution  of  tungstic  acid  remains  in  the  dialyser. 
Out  of  100  i^arts  of  tungstic  acid  about  80  parts  remain  in  the  dialyser.     The  solution 
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compounds  with  carbon  and  iron  (the  addition  of  tungsten  to  steel 
renders  the  latter  ductile  and  hard)/-*  Molybdenum  forms  a  grey  powder, 
which  scarcely  aggregates  under  a  most  powerful  heat,  and  has  a  specifi 
gravity  of  8  "5.  It  is  not  acted  on  by  the  air  at  the  ordinary  tempera- 
ture, but  when  ignited  it  is  first  converted  into  a  brown,  and  then  into  a 
blue  oxide,  and  lastly  into  molybdic  anhydride.  Acids  do  not  act  on  it 
— that  is,  it  does  not  liberate  hydrogen  from  them,  not  even  from 
hydrochloric  acid— but  strong  sulphuric  acid  disengages  sulphurous 
anhydride,  forming  a  brown  mass,  containing  a  lower  oxide  of  molyb- 
denum.    Alkalis  in  solution  do  not  act  on  molybdenum,  but  when  fused 

lias  u,  bitter,  astringent  taste,  and  does  not  yield  gelatinous  tungstic  acid  (liydrogel) 
either  when  heated  or  on  the  addition  of  acids  or  salts.  It  may  also  be  evaporated  to 
dryness;  it  then  forms  a  vitreous  niass  of  the  hydrosol  of  tungstic  acid,  which  adheres 
strongly  to  the  walls  of  the  vessel  in  which  it  has  been  evaporated,  and  is  perfectly 
soluble  in  water.  It  does  not  even  lose  its  solubility  after  having  been  heated  to  200°, 
and  only  becomes  insoluble  when  heated  to  a  red  heat,  when  it  loses  about  2^  p.c.  of 
water.  The  dry  acid,  dissolved  in  a  small  quantity  of  water,  forms  a  gluey  mass,  just 
like  gum  arabic,  which  is  one  of  the  representatives  of  the  hydrosols  of  colloidal 
substances.  The  solution,  containing  5  p.c  of  the  anhydride,  has  a  sp.  gr.  of  1*047  ;  with 
20  p.c,  of  1'217  ;  with  50  p.c,  of  1'80 ;  and  with  80  p.c,  of  3'24.  The  presence  of  a 
potymerised  trioxide  in  the  form  of  hydrate,  HsOWt^O-j  or  H.^04W0,^,  must  then  be 
recognised  in  the  solution:  this  is  confirmed  by  Sabaneeff's  cryoscopic  determinations 
(1889).  A  similar  stable  solution  of  molybdic  acid  is  obtained  by  the  dialysis  of  a 
mixture  of  a  strong  solution  of  sodium  molybdate  with  hydrochloric  acid  (the  precipitate 
which  is  formed  is  re-dissolved).  If  MoCli  be  precipitated  by  ammonia  and  washed  with 
water,  a  point  is  reached  at  which  perfect  solution  takes  place,  and  the  molybdic  acid 
forms  a  colloid  solution  which  is  precipitated  by  the  addition  of  ammonia  (Muthmann), 
The  addition  of  alkali  to  the  solutions  of  the  hydrosols  of  tungstic  and  molybdic  acids 
immediately  results  in  the  re-formation  of  the  ordinary  tungstates  and  molybdates. 
There  appears  to  be  no  doubt  but  that  the  same  transformation  is  accomplished  in  the 
passage  of  the  ordinary  tungstates  into  the  metatungstates  as  takes  place  in  the  passage 
of  tungstic  acid  itself  from  an  insoluble  into  a  soluble  state ;  but  this  may  be  even 
actually  proved  to  be  the  case,  because  Scheibler  obtained  a  solution  of  tungstic  a*id, 
before  Graham,  by  decomposing  barium  metatungstate  fBti04WO-,9H20)  with  sulphunc 
acid.  By  treating  this  salt  with  sulphuric  acid  in  the  amount  required  for  the  precipi- 
tation of  the  baryta,  Scheibler  obtained  a  solution  of  metatungstic  acid  which,  when 
containing  43"75  p.c.  of  acid,  had  a  sp.  gr.  of  1"G34,  and  with  27'Gl  p.c.  a  sp.  gr.  of  1"327 — 
that  is,  specific  gravities  corresponding  with  those  found  by  Graham. 

Pechard  found  that  as  much  heat  is  evolved  by  neutralising  metatungstic  acid  as  with 
sulphuric  acid. 

Questions  connected  with  the  metamorphoses  or  modifications  of  tungstic  and 
molybdic  acids,  and  the  polymerisation  and  colloidal  state  of  substances,  as  well  as  the 
formation  of  complex  acids,  belong  to  that  class  of  problems  the  solution  of  which 
will  do  much  towards  attaining  a  true  comprehension  of  the  mechanism  of  a  number  of 
chemical  reactions.  I  think,  moreover,  that  questions  of  this  kind  stand  in  intimate  con- 
nection with  the  theory  of  the  formation  of  solutions  and  alloys  and  other  so-called  inde- 
finite compounds. 

^  Moissan  (1893)  studied  the  compounds  of  ilo  and  W  formed  with  carbon  in  the 
electrical  furnace  (they  are  extremely  hard)  from  a  mixture  of  the  anhydrides  and  carbon. 
Poleck  and  GrUtzuer  obtained  definite  compounds  Fe'W2  and  FeW.^C^  for  tungsten. 
Metallic  W  and  Mo  displace  Ag  from  its  solutions  but  not  Pb.  There  is  reason  for  believing 
that  the  sp.  gr.  of  pure  molybdenum  is  higher  than  that  (85)  generally  ascribed  to  it. 


CHROMIUM,    MOLYBDENUM,    TUNGSTEN,    URANIUM,    ETC.      297 

■\vith  it  hydrogen  is  given  off,  which  sliows,  as  does  its  whole  character, 
the  acid  properties  of  the  metal.  The  properties  of  tung.sten  are  almost 
identical  ;  it  is  infusible,  has  an  iron-grey  colour,  is  exceedingly  hard,  so 
that  it  even  scratches  glass.  Its  specific  gravity  is  19'1  (according  to 
Roscoe),  so  that,  like  uranium,  platinum,  &c.,  it  is  one  of  the  heaviest 
metals.'"''''  Just  as  sulphur  and  chromium  have  their  corresponding 
persulphurio  and  perchromic  acids,  HjlrfjO.s  ^^d  HjCrOj,  having  th& 
properties  of  peroxides,  and  corresponding  to  peroxide  of  hydrogen,  so 
also  molybdenum  and  tungsten  are  known  to  give  permolyhdic  and  per- 
tungstic  acids,  HjMojf"),^  and  HjW^O,^,  which  have  the  properties  of  true 
peroxides,  i.e.  easily  disengage  iodine  from  KI  and  chlorine  from  HCl, 
easily  part  with  their  oxygen,  and  are  formed  by  the  action  of  peroxide 
of  hydrogen,  into  which  thoy  are  readily  reconverted  (hence  they  may 
be  regarded  as  compounds  of  H2O2  with  2M0O3  and  2WO3),  ifcc.  Their 
formation  (Boerwald  1884,  Kemmerer  1891)  is  at  once  seen  in  the 
coloration  (not  destroyed  by  boiling),  which  is  obtained  on  mixing  a 
solution  of  the  salts  with  peroxide  of  hydrogen,  and  on  treating,  for  in- 
stance, molybdic  acid  with  a  solution  of  peroxide  of  hydrogen  (Pechard 
1892).  The  acid  then  forms  an  orange-coloured  solution,  which  after 
evaporation  in  vacuo  leaves  MogH.jOjiH^jO  as  a  crystalline  powder, 
and  loses  4H2O  at  100°,  beyond  which  it  decomposes  with  the  evolu- 
tion of  oxygen.^''' 

Ui-aniuvi,    U^2'l:0,    has   the    highest   atomic    weight   of   all    the 
analogues  of  chromium,  and  indeed  of  all  the  elements  yet  known.     Its 

9  bis  ^g  jjj^y  conclude  our  description  of  tungsten  and  molybdenum  by  stating  that 
their  sulphur  compounds  have  an  acid  character,  like  carbon  bisulphide  or  stannic  sul- 
phide. If  sulphuretted  hydrogen  be  passed  through  a  solution  of  a  raolybdate  it  does 
not  give  a  precipitate  unless  sulphuric  acid  be  present,  when  a  dark  brown  precipitate  of 
molybdenum  trisulpMde,  MoS,^,  is  formed.  When  this  sulphide  is  ignited  without  access 
of  air  it  gives  the  bisulphide  MoS.^ ;  the  latter  is  notable  to  combine  with  potassium  sulphide 
like  the  trisulphide  MoS^,  which  forms  a  salt,  KjMoS^,  corresponding  with  K.;Mo04. 
This  is  soluble  in  water,  and  separates  out  from  its  solution  in  red  crystals,  which  have  a 
metallic  lustre  and  reflect  a  green  light.  It  is  easily  obtained  by  heating  the  native 
bisulphide,  MoS.^,  with  potash,  sulphur,  and  a  small  amount  of  charcoal,  which  serves  for 
deoxidising  the  oxygen  compounds.  Tungsten  gives  similar  compounds,  R.;WS.j,  where 
R  =  NH4,  K,  Na.  They  are  decomposed  by  acids,  with  the  separation  of  tungsten  trisul- 
phide, WS,,,  and  mols'bdenum  trisulphide,  M0S3.  Eideal  (1892)  obtained  WjN-,  by  heating 
WO5  in  NH5.     This  compound  exhibited  the  general  properties  of  metallic  nitrides. 

y  rri  "When  peroxide  of  hydrogen  acts  upon  a  solution  of  potassium  molybdate  well- 
formed  yellow  crystals  belonging  to  the  triclinic  system  separate  out  in  the  cold.  Wlien 
these  crystals  are  heated  in  vacuo  they  first  lose  water  and  then  decompose,  leaving  a 
residue  composed  of  the  salt  originally  taken.  They  are  soluble  in  water  but  insoluble 
in  alcohol.  Their  composition  is  represented  by  the  formula  K,MooOg2H20.  An  am- 
monium salt  is  obtained  by  evaporating  peroxide  of  hydrogen  with  ammonium  molybdate. 
The  following  salts  have  also  been  obtained  by  the  action  of  peroxide  of  hydrogen  upon  the 
corresponding  molybdates :  Na;Mo.^O|j6HjO — in  yellow  prismatic  crystals ;  MgMo.^OslOHjG 
— stellar  needles ;  BaMo,Oa2H20 — in  microscopic  yellow  octahedra.  A  corresponding 
sodium  pertungstate  has  been  obtained  by  Pechard  by  boiling  sodium  tungstate  with  a 
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highest  salt-forming  oxide,  UO3,  shows  very  feeble  acid  properties. 
Although  it  gives  sparingly-soluble  yellow  compounds  with  alkalis, 
which  fully  correspond  with  the  dichromates — for  example,  Na2U20; 
=  NagO,  21103,  ^° — yet  it  more  frequently  and  easily  reacts  with  acids,  HX , 

Bolutioii  of  peroxide  of  hydrogen  for  several  minutes.  The  solution  rapidly  turns  yellow, 
and  no  longer  gives  a  precipitate  of  tungstic  anhydride  wlien  treated  with  nitric  acid. 
Wlien  evaporated  in  vacuo  the  solution  leaves  a  thick  syrupy  liquid  from  which  ray-like 
ciystals  separate  out ;  these  crystals  are  more  soluble  in  water  than  the  salt  origijially 
taken.  When  heated  they  also  lose  water  and  oxygen.  Their  composition  answers  to 
the  formula  jMoW^OgSH^O,  where  M  =  Na,  NH4,  S:c.  The  perniolybdates  and  per- 
tungstates  have  similar  j)roperties.  When  treated  with  oxygen  acids  they  give  peroxide 
of  hydrogen,  and  disengage  chlorine  and  iodine  from  hydrochloric  acid  and  potassium 
iodide. 

Piccini  (1891)  showed  that  peroxide  of  hydrogen  not  only  combines  with  the  oxygen 
compounds  of  Mo  and  W,  but  also  with  their  iiuo-compounds,  among  which  ammonium 
fluo-molybdateMoO^F.^  2NH4  and  others  have  long  been  known.  (A  few  new  salts  of 
similar  composition  liave  been  obtained  by  F.  Moureu  in  1893.)  The  action  of  peroxide 
of  hydrogen  upon  these  compounds  gives  salts  containing  a  larger  amount  of  oxygen ;  for 
instance,  a  solution  of  MoO^F.^'iKFH^O  with  peroxide  of  hydrogen  gives  a  yellow  solu- 
tion which  afttr  cooling  separates  out  yellow  crystalline  flakes  of  Mo03F.^2KFH.jO,  resem- 
bling the  salt  originally  taken  in  their  external  appearance.  By  employing  a  similar  method 
Piceini  also  obtained  :  MoOsF.SRbFHvO— yellow  monoclinic  crystals;  MoO..,F^2CsFH..O, 
— yellow  flakes,  and  the  corresponding  tungstic  compounds.  All  these  salts  re-act  like 
peroxide  of  hydrogen. 

In  speaking  of  these  compounds  I  for  my  part  think  it  may  be  well  to  call  attention 
to  the  fact  that,  in  the  first  place,  the  composition  of  Piccini's  oxy-fluo  compounds  does 
not  coiTespond  to  that  of  permolybdic  and  pertungstic  acid.  If  the  latter  be  expressed 
by  formulfie  with  one  equivalent  of  an  element,  they  will  be  HM0O4  and  HWO4,  and  the 
oxy-fluo  form  corresponding  to  them  should  have  the  composition  M0O5F  and  WO5P 
while  it  contains  MO^F.j  and  WO-F^,  i.e.  answers  as  it  were  to  a  higher  degree  of  oxida- 
tion, MoH^Oj  and  W.HO-.  But  if  permolybdic  acid  be  regarded  as  2l\Io0.3  +  H^  O.^^i-c. 
as  containing  the  elements  of  peroxide  of  hydrogen,  then  Piccini's  compound  will  also  be 
found  to  contain  the  original  salts  +  ILjO  ;  for  example,  from  MoO^F.22KFH.^O  there  is 
obtained  a  compound  MoO^F^2KFH^O.^,  i.e.  instead  of  H2O  they  contain  H^0_.  In  the 
second  place  the  capacity  of  the  salts  of  molybdenum  and  tungsten  to  retain  a  further 
amount  of  oxygen  or  H^O.^  probably  bears  some  relation  to  their  property  of  giving  com- 
plex acids  and  of  polymerising  which  has  been  considered  in  Note  8  bis.  There  is, 
however,  u,  great  chemical  interest  in  the  accumulation  of  data  respecting  these  high 
peroxide  compounds  corresponding  to  molybdic  and  tungstic  acids.  With  regard  to  the 
peroxide  form  of  uranium,  see  Chapter  XX.,Xote  GG. 

1"  Uranium  trioxide,  or  uranic  oxide,  shows  its  feeble  basic  and  acid  properties  in  a 
great  number  of  its  reactions.  (Ij  Solutions  of  uranic  salts  give  yellow  precipitates  with 
alkalis,  but  these  precipitates  do  not  contain  the  hydrate  of  the  oxide,  but  compounds  of 
it  with  bases  ;  for  example,  2UO.^(NO.-)^  +  0KHO  =  4KNO5-H  3H2O  +  ICjU.^Oy.  There  are 
other  urano-alkali  compounds  of  the  same  constitution  ;  for  example,  (NH4).;U..07 
(known  commercially  as  uranic  oxidej,  MgU.^07,  BaU^Oy.  They  are  the  analogues  of  the 
dichromates.  Sodium  uranate  is  the  most  generally  used  under  the  name  of  uranium 
yellow,  N-A.^'U.-^O'j.  It  is  used  for  imparting  the  characteristic  yellow-green  tint  to  glass 
and  i)orcelain.  Neither  heat  nor  water  nor  acids  are  able  to  extract  the  alkah  from 
sodimn  uranate,  Na_,lj  ,0;,  and  therefore  it  is  a  true  insoluble  salt,  of  a  yellow  colour,  and 
clearly  indicates  the  acid  character  {although  feeble)  of  uranic  oxide.  (2)  The  carbonates 
of  the  alkaline  earths  (for  instance,  barium  carbonate)  precipitate  uranic  oxide  from  its 
salts,  as  they  do  all  the  salts  of  feeble  bases;  for  example,  B.jO-.  (3)  The  alkaline  car- 
bonates., when  added  to  solutions  of  uranic  salts,  give  a  predx^ttate,  which  is  soluble  in 
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forming  fluorescent  yellowish-green  salts  of  the  composition  UO.^Xo, 
and  in  this  respect  uranic  trioxicle,  UOg,  differs  from  chromic  anhydride, 
CrOg,  although  the  latter  is  able  to  give  the  oxychloride,  CrO.^CJ^.  In 
molybdenum  and  tungsten,  however,  we  see  a  clear  transition  from 
chromium  to  uranium.  Thus,  for  example,  chromyl  chloride,  CrO^Clg, 
is  a  brown  liquid  >which  volatilises  without  change,  and  is  completely 
decomposed  by  water  ;  molybdenum  oxychloride,  MoOgCI.,,  is  a  crys- 
talline substance  of  a  yellow  colour,  which  is  volatile  and  soluble  in 
water  (Blomstrand),  like  many  salts.  Tungsten  oxychloride,  WOgClg, 
stands  still  nearer  to.  uranyl  chloride  in  its  properties  ;  it  forms  yellow 
scales  on  which  water  and  alkalis  act,  as  they  do  on  many  salts  (zinc 
chloride,  ferric  chloride,  aluminium  chloride,  stannic  chloride,  tfc*\),  and 
perfectly  corresponds  with  the  difficultly-volatile  salt,  U<-)2Cl2  (obtained 
by  Peligot  by  the  action  of  chlorine  on  ignited  uranium  dioxide,  UO2), 
which  is  also  yellow  and  gives  a  yellow  solution  with  water,  like  all  the 

an  esccess  of  the  rear^ent,  and  parbicularly  so  if  the  acicT  carbonates  be  taken.  This  is 
due  to  the  fact  that  (4)  the  uranyl  salts  easili/  form  double  salts  with  the  salts  of  the 
alkali  metals,  including  the  salts  of  ammonium.  Uranium,  in  the  form  of  these  double 
salts,  often  gives  salts  of  well-defined  crystalline  form,  although  the  simple  salts  are  little 
prone  to  appear  in  crystals.  Such,  for  example,  are  the  salts  obtained  by  dissolving  potas- 
sium uranate,  K-^UoOy,  in  acids,  with  the  addition  of  potassium  salts  of  the  same  acids. 
Thus,  with  hydrochloric  acid  and  potassium  cliloride  a  well-foinned  crystalline  salt, 
Ko(UO.;)Cl4,2H.20,  belonging  to  the  monoclinic  system,  is  iDroduced.  This  salt  decom- 
poses iu  dissolving  in  pure  water.  Among  these  double  salts  we  may  mention  the 
double  carbonate  with  the  alkalis,  'R.^{VO.{){00,;)-  (equal  to  i2R.,C0.-,-FU0.^C0,-) ;  the 
acetates,  R(U02)(C.H-0_)- — for  instance,  the  sodium  salt,  Na(U02)(C.^H-0.2)5,  and  the 
potassium  salt,  K(ub,^)(C,H-A),^320;  *l^e  sulphates,  R.^(UO^)fS04)'-,2H.p,  &c.  In  the 
preceding  formula  E  =  K,  Na,  NHj,  or  E2  =  Mg,  Ba,  Szc.  Tins  jyropertij  of  giving 
comparatively  stable  double  salts  indicates  feebly  developed  basic  properties,  because 
double  salts  are  mainly  formed  by  salts  of  distinctly  basic  metals  (these  form,  as  it  were, 
the  basic  element  of  a  double  salt)  and  salts  of  feebly  energetic  bases  (these  form  the  acid 
element  of  a  double  salt),  just  as  the  former  also  give  acid  salts ;  the  acid  of  the  acid 
salts  is  replaced  in  the  double  salts  by  the  salt  of  the  feebly  energetic  base,  which,  like 
water,  belongs  to  the  class  of  intermediate  bases.  For  this  reason  barium  does  not 
give  double  salts  with  alkalis  as  magnesium  does,  and  this  is  why  double  salts  are 
more  easily  formed  by  potassium  than  by  lithium  in  the  series  of  the  alkali  metals. 
(5)  The  most  remarkable  property,  proving  the  feeble  energy  of  uranic  oxide  as  a  base,  is 
seen  in  the  fact  that  when  their  composition  is  compared  with  that  of  other  salts  those  of 
uranic  oxide  always  ajipear  as  basic  salts.  It  is  well  known  that  a  normal  salt,  E-^Xf;, 
corresponds  with  the  oxide  H.^O-,  where  X^  CI,  N0.~,  ifeCjOrX^  =  80^,00-,  &c. ;  but  there 
also  exist  basic  salts  of  the  same  type  where  X  =  HO  or  X.^  =  O.  We  saw  salts  of  all 
kinds  among  the  salts  of  aluminium,  chromium,  and  others.  "With  uranic  oxide  no  salts 
are  known  of  the  types  UX,;  (UClo,  U(S04),'5,  alums,  l^'c,  are  not  known),  nor  even  salts, 
U(H0|,,X4  or  UOX4,  but  it  always  forms  salts  of  the  type  U(HO)|Xj  or  UO.^X.. 
Judging  from  the  fact  that  nearly  all  the  salts  of  uranic  oxide  retain  water  iu  crystallising 
from  their  solutions,  and  that  this  water  is  difficult  to  separate  from  them,  it  may  be 
thought  to  be  water  of  hydration.  This  is  seen  in  part  from  the  fact  that  the  composition 
of  many  of  the  salts  of  uranic  oxide  may  then  be  expressed  without  the  presence  of  water 
of  crystallisation;  for  instance,  U(HO).,K2Cl4  (and  the  salt  of  NH4,  U(HO)4K2(S04)^, 
U(HO)4{C2H50o)-j.     Sodium  uranyl  acetate  however  does  not  contain  water. 
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salts  TJOjX^,  The  property  of  uranic  oxide,  UO3,  of  forming  salts 
"UO^X^,  is  shown  in  the  fact  that  the  hydrated  oxide  of  uranium, 
1102(110)2,  which  is  obtained  from  the  nitrate,  carbonate,  and  other 
salts  by  the  loss  of  the  elements  of  the  acid,  is  easily  soluble  in  acids, 
as  "well  as  in  the  fact  that  the  lower  grades  of  oxidation  of  uranium  are 
able,  when  treated  with  nitric  acid,  to  form  an  easily  crystallisable 
uranyl  nitrate,  U02(N03)2,6H20  ;  this  is  the  most  commonly  occurring 
uranium  salt." 

Uranium,  which  gives  an  oxide,  UO3,  and  the  corresponding  salt 
UO2X2  and  dioxide  UOj,  to  which  the  salts  UX4  correspond,  is  rarely 
met  with  in  nature.     Uranite  or  the  double  orthophosphate  of  uranic 

1^  Vranyl  ■)ntrate,  or  uranium  nitrate,  TJOo(NO-,)j,GH.^O,  crystallises  from  its  solu- 
tions in  transi^arent  yellowish-green  prisms  (from  an  ;icicl  solution),  or  in  tabular  crystals 
{from  a  neutral  solution),  which  effloresce  in  the  air  and  are  easily  soluble  in  water, 
alcohol,  and  ether,  have  a  sp.  gr.  of  2"8,  and  fuse  when  heated,  losing  nitric  acid  and  water 
in  the  process.  If  the  salt  itself  (Berzelius)  or  its  alcoholic  solution  (Malaguti)  be 
heated  up  to  the  temperature  at  which  oxides  of  nitrogen  are  evolved,  there  then  remains 
a  mass  which,  after  being  evaporated  with  water,  leaves  uranyl  hydroxide,  UO^(HO)j 
(sp.  gr.  5!)3),  whilst  if  the  salt  be  ignited  there  remains  the  dioxide,  UOj,  as  a  brick-red 
powder,  -which  on  further  heating  loses  oxygen  and  forms  the  dark  olive  uranoso-uranic 
oxide,  U^Og.  The  solution  of  the  nitrate  obtained  from  the  ore  is  purified  in  the  following 
manner  :  sulphurous  anhydride  is  first  passed  through  it  in  order  to  reduce  the  arsenic 
acid  present  into  arsenious  acid ;  the  solution  is  then  heated  to  iW-',  and  sulphuretted 
hydrogen  passed  through  it;  this  precipitates  the  lead,  arsenic,  and  tin,  and  certain 
other  metals,  as  sulphides,  insoluble  in  water  and  dilute  nitric  acid.  This  liquid  is  then 
filtered  and  evaporated  with  nitric  acid  to  crystallisation,  and  the  crystals  are  dissolved 
in  ether.  Or  else  the  solution  is  first  treated  with  chlorine  in  order  to  convert  the  ferrous 
chloride  (produced  by  the  action  of  the  hydrogen  sulphide)  into  ferric  chloride,  the 
oxides  are  then  precipitated  by  ammonia,  and  the  resultant  precipitate,  containing  the 
oxides  Fe.jO-„UO^,  and  compounds  of  the  latter  with  potash,  lime,  ammonia,  and  other 
bases  present  in  the  solution  (the  latter  being  due  to  the  property  of  uranic  oxide  of 
combining  with  bases),  is  washed  and  dissolved  in  a  strong,  slightly-heated  solution  of 
ammonium  carbonate,  which  dissolves  the  uranic  oxide  but  not  the  ferric  oxide.  The 
solution  is  filtered,  and  on  cooling  deposits  a  well-crystallising  uranyl  ammonium  car- 
bonate,  UO..(NH4).t(QO.-,)3,  in  brilliant  monoclinic  crystals  which  on  exposure  to  air  slowly 
give  off  water,  carbonic  anhydride,  and  ammonia ;  the  same  decomposition  is  readily 
effected  at  300°,  the  residue  then  consisting  of  uranic  oxide.  This  salt  is  not  very  soluble 
in  water,  but  is  readily  so  in  ammonium  carbonate;  it  is  obvious  that  it  may  readily  be 
converted  into  all  the  other  salts  of  oxides  of  uranium.  Uranium  salts  are  also  purified 
in  the  form  of  acetate,  which  is  very  sparingly  soluble,  and  is  therefore  directly  precipi- 
tated from  a  strong  solution  of  the  nitrate  by  mixing  it  with  acetic  acid. 

We  may  also  mention  the  uranyl phospJiate,  HUPO,;,  which  must  be  regarded  as  an 
orthophosphate  in  which  two  hydrogens  are  replaced  by  the  radicle  uranyl,  UO.^,  ix.  as 
H(UO._,)PO.i.  This  salt  is  formed  as  a  hydrated  gelatinous  yellow  precipitate,  on  mixing 
a  solution  of  uranyl  nitrate  with  disodium  phosphate.  The  precipitation  occurs  in  the 
presence  of  acetic  acid,  but  not  in  the  presence  of  hydrochloric  acid.  If  moreover  an 
excess  of  an  ammonium  salt  be  present,  the  ammonia  enters  into  the  composition  of 
the  bright  yellow  gelatinous  precipitate  formed,  in  the  proportion  UO.jNH.iPO.i.  This 
precipitate  is  not  soluble  in  water  and  acetic  acid,  and  its  solution  in  inorganic  acids 
when  boiled  entirely  expels  all  the  phosphoric  acid.  This  fact  is  taken  advantage  of  for 
removing  phosphoric  acids  from  solutions — for  instance,  from  those  containing  salts  of 
calcium  and  magnesium. 
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oxide,  R(U02)H2P/J„7H20,  where  R=Cu  or  Ca,  uranium- vitriol 
U(SO.i)2,HoO,  samarakite,  and  iesohynite,  are  very  rarely  found,  and 
biien  only  in  small  quantities.  Of  more  frequent  and  abundant 
occurrence  is  the  non-crystalline,  earthy  bi-o\vn  uranium  ore  known  as 
intcliblende  (sp.  gr.  7-2),  which  is  mainly  composed  of  the  intermediate 
oxide,  11308  =  U02,2UO;j.  This  ore  is  found  at  Joachimsthal  in  Bohemia 
and  in  Cornwall.  It  usually  contains  a  number  of  different  impuri- 
ties, chiefly  sulphides  and  arsenides  of  lead  and  iron,  as  well  as  lime 
and  silica  compounds.  In  order  to  expel  the  arsenic  and  sulphur  it  is 
roasted,  ground,  washed  with  dilute  hydrochloric  acid,  which  does  not 
dissolve  the  uranoso-uranic  oxide,  U3O3,  and  the  re.sidue  is  dissolved 
in  nitric  acid,  which  transforms  the  uranium  oxide  into  the  nitrate, 
UO.,(N03)2. 

It  must  be  observed  that  the  oxide  of  uranium,  first  distinguished 
by  Klaproth  (1789),  was  for  a  long  time  regarded  as  able  to  give 
metallic  uranium  under  the  action  of  charcoal  and  other  reducing  agents 
(with  the  aid  of  heat).  Eut  the  substance  thus  obtained  was  only  the 
uranium  dioxide^  UOg.  The  compound  nature  of  this  dioxide, ^^  or  the 
presence  of  oxygen  in  it,  was  demonstrated  by  Peligot  (1841),  by  igniting 
it  with  charcoal  in  a  stream  of  chlorine.  He  thus  obtained  a  volatile 
uranium  tetrachloride^  UCl4,^^  which,  when  heated  with  sodium,  gave 

12  Uranium  dioxide,  or  urarnjl^  UOj,  wliicli  is  contained  in  the  salta  UO.^X.,,  has 
the  appearance  and  many  of  the  i3roperties  of  a  metaL  Uranic  oxide  may  be  regarded  as 
uranyl  oxide,  (U02)0,  its  salts  as  salts  of  this  uranyl ;  its  hydroxide,  (UO.JH2O2,  is  consti- 
tuted like  CaH^Oo.  The  green  oxide  of  uranium,  uranoso-uranic  oxide  (easily  foniied  from 
uranic  salts  by  the  loss  of  oxygen),  U50g  =  UO._„2UO,3,  when  ignited  with  charcoal  or 
hydrogen  (dry)  gives  a  brilliant  crystalline  substance  of  sp.  gr.  about  11"0  (Urlaub),  whose 
appearance  resembles  that  of  metals,  and  decomposes  steam  at  a  red  heat  with  the 
evolution  of  hydrogen ;  it  does  not,  however,  decompose  hydrochloric  or  sulphuric 
acid,  but  is  oxidised  by  nitric  acid.  The  same  substance  {i.e.  uranium  dioxide  UOj)  is 
also  obtained  by  igniting  the  compound  (U0>)K.iCl4  in  a  stream  of  hydrogen,  according 
to  the  equation  UO;K,Cl4  +  H.2  =  UOo-l-3HCl+2KCl.  It  was  at  first  regarded  as  the 
metal.  In  1841  Peligot  found  that  it  contained  oxygen,  because  carbonic  oxide  and 
anhydride  were  evolved  when  it  was  ignited  with  charcoal  in  a  stream  of  clilorine,  and 
from  272  parts  of  the  substance  which  was  considered  to  be  metal  he  obtained  ;-J.s2  parts 
of  a  volatile  product  containing  112  parts  of  chlorine.  From  this  it  was  concluded  that 
the  substance  taken  contained  an  equivalent  amount  of  oxygen.  As  142  parts  of  chlorine 
correspond  with  32  parts  of  oxygen,  it  followed  that  272  — 32  =  240  parts  of  metal  were 
combined  in  the  substance  with  32  parts  of  oxygen,  and  also  in  the  chlorine  compound 
obtained  with  142  parts  of  chlorine.  These  calculations  have  been  made  for  the  now 
accepted  atomic  weight  of  uranium  (U  =  240,  see  Note  14).  Peligot  took  another  atomic 
weight,  but  this  does  not  alter  the  principle  of  the  argument. 

^^  Vranium  tetrachloride^  uranous  chloride,  UCl.j,  corresponds  with  uranous  oxide 
as  a  base.  It  was  obtained  by  Peligot  by  igniting  uranic  oxide  mixed  with  charcoal  in  a 
stream  of  dry  chlorine:  110,^  +  30  +  201.  =  UCli  +  3C0.  This  green  volatile  compound 
(Note  12)  crystallises  in  regular  octahedra,  is  very  hygi'oscopic,  easily  soluble  in  water, 
with  the  development  of  a  considerable  amount  of  heat,  and  no  longer  separates  out 
irom  its  solution  in  an  anhydrous  stale,  but  disejigages  hydrochloric  acid  when  evapo- 
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7)ietaUic  nrani/orn  as  a  grey  metal,  having  a  specitic  gravity  of  18'7,  and 
liberating  hydrogen  from  acids,  with  the  formation  of  green  uranous 
saltSj  UXj,  which  acb  as  powerful  reducing  agents.^'* 

rtCted.  The  solution  of  uranous  chloride  in  water  is  green.  It  i.s  also  formed  by  the 
action  of  zinc  and  copper  (forming  cuprous  chloride)  on  a  sohition  of  uranyl  cliloride, 
UO.jCl;,  especially  in  the  presence  of  hydrochloric  acid  and  sal-ammoniac.  Solutions  of 
urauyl  salts  are  converted  into  uranous  salts  by  the  action  of  various  reducin;,'  agents, 
and  among  others  by  organic  substances  or  by  the  action  of  light,  whilst  the  salts  UX^ 
are  converted  into  uranyl  salts,  UOjX,,  by  exposure  to  air  or  by  oxidising  agents.  Solu- 
tions of  the  green  uranyl  salts  act  as  powerful  reducing  agents,  and  give  a  brown  preci- 
pitate of  the  uranous  hydroxide,  UH40,|,  with  potash  and  other  alkalis.  This  hydroxide 
is  easily  soluble  in  acids  but  not  in  alkalis  On  ignition  it  does  not  form  the  oxide  UOo, 
because  it  decomposes  water,  but  when  the  higher  oxides  of  uranium  are  ignited  in  a 
stream  of  hydrogen  or  with  c-harcoal  they  yield  uranous  oxide.  Both  it  and  the  cliloride 
UCl,  dissolve  in  strong  sulphuric  acid,  forming  a  green  salt,  U(BO().j,2H20.  The  sam3 
3ilt,  together  with  uranyl  sulphate,  U0._,(S04),  is  formed  when  the  green  oxide,  V-Oa,  is 
dissolved  in  hot  sulphuric  acid.  The  salts  obtained  in  the  latter  instance  may  be 
separated  by  adding  alcohol  to  the  solution,  which  is  left  exposed  to  the  light ;  the  alcohol 
reduces  the  uranyl  salt  to  uranous  salt,  an  excess  of  acid  being  recjuired.  An  excess  of 
water  decomposes  this  salt,  forming  a  basic  salt,  which  is  also  easily  produced  under 
-other  circumstances,  and  contains  UO{SO.i),2HoO  (which  corresponds  to  the  uranicsalt), 

1 '  The  atomic  weight  of  uranium  was  formerly  taken  as  half  the  present  one,  U=  120, 
and  the  oxides  U20;j,  suboxide  UO,  and  green  oxide  U-Oj,  were  of  the  same  types  as  the 
oxides  of  iron.  With  a  certain  resemblance  to  the  elements  of  the  iron  group,  uranium 
presents  many  points  of  distinction  which  do  not  permit  its  being  grouped  with  them, 
"Thus  uranium  forms  a  very  stable  oxide,  U.jO-(U  =  120),  but  does  not  give  the  corre- 
sponding chloride  U2Cl,j  (Roscoe,  however,  in  1874  obtained  UCI5,  like  MoClj  and  WCl-J, 
and  under  those  circumstances  (the  ignition  of  oxide  of  uranium  mixed  with  charcoal,  in 
a  stream  of  chlorine),  when  the  formation  of  this  compound  might  be  expected,  it  gives 
-(U  =  120)  the  chloride  UCls,  which  is  characterised  by  its  volatility;  this  is  not  a  pro- 
perty, to  such  an  extent,  of  any  of  the  bichlorides,  RCl^,  of  the  iron  group. 

The  alteration  or  doubling  of  the  atomic  weight  of  uranium — i.e.  the  recognition  of 
U  =  240 — was  made  for  the  first  time  in  the  first  (Eussian)  edition  of  this  work  (1871),  and 
in  my  memoir  of  the  same  year  in  Liebig's  Annalen^  on  the  ground  that  with  an  atomic 
weight  120,  uranium  could  not  be  placed  in  the  periodic  system,  I  think  it  will  not  be  super- 
fluous to  add  the  following  remarks  on  this  subject :  (1)  In  the  other  groups  (K — Rb — Cs, 
Ca — Sr — Ba,  CI — Br — Ij  the  acid  character  of  the  oxides  decreasesand  their  basic  charac- 
ter increases  with  the  rise  of  atomic  weight,  and  therefore  we  should  expect  to  find  the 
same  in  the  group  Cr — Mo — W — U,  and  if  CrO^,  M0O5,  WO-  be  the  anhydrides  of  acids 
then  we  indeed  find  a  decrease  in  their  acid  character,  and  therefore  uranium  trioxide, 
U0-,  should  be  a  very  feeble  anhydride,  but  its  basic  properties  should  also  be  very 
feeble.  Uranic  oxide  does  indeed  show  these  properties,  as  was  pointed  out  above  fNote 
10).  (2)  Chromium  and  its  analogues,  besides  the  oxides  RO,^,  also  form  lower  grades  of 
oxidation  RO.^,  R2O3,  and  the  same  is  seen  in  uranium  ;  it  forms  UO5,  UOu,  U^O-  and 
their  compounds.  (3)  Molybdenum  and  tungsten,  in  being  reduced  from  R0.-„  easily  and 
frequently  give  an  intermediate  oxide  of  a  blue  colour,  and  uranium  shows  the  same 
property;  giving  the  so-called  green  oxide  which,  according  to  present  views,  must 
be  regarded  as  \j-0^  =  'U0o^'\30^,  analogous  to  MosO.i,.  (4)  The  higher  chlorides,  RCl,;, 
possible  for  the  elements  of  this  group,  are  either  unstable  fWCi,;)  or  do  not  exist  at  all 
(Crj ;  but  there  is  one  single  lower  volatile  compound,  which  is  decomposed  by  water, 
and  liable  to  further  reduction  into  a  non-volatile  chlorine  product  and  the  m.etal.  The 
same  is  observed  in  uranium,  which  forms  an  easily  volatile  chloride,  UCI4,  decomposed 
by  water.  (.5;  The  high  sp.  gr.  of  uranium  (18'6)  is  explained  by  its  analogy  to  tungsten 
.(sp.   gr.   191).      (6)    For  uranium,  as  for   chromium    and  tungsten,   yellow  tints  pre- 
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As  the  salts  of  uranio  oxide  are  reduced  in  the  absence  of  organic 
matter  by  the  action  of  light,  and  as  they  impart  a  characteristic 
coloration  to  glass,""'  they  find  a  certain  application  in  photography  and 
glass  work. 

If  we  compare  together  the  highly  acid  elements,  sulphvir,  selenium, 
and  tellurium,  of  the  uneven  series,  with  chromium,  molybdenum, 
tungsten,  and  uranium  of  the  even  series,  we  find  that  the  resemblance 
of  the  properties  of  the  higher  form  RO3  does  not  extend  to  the  lower 
forms,  and  even  entirely  disappears  in  the  elements,  for  there  is 
not  the  smallest  resemblance  between  sulphur  and  chromium  and  their 
analogues  in  a  free  state.  In  other  words,  this  means  that  the  small 
periods,  like  Na,  Mg,  Al,  Si,  P,  S,  01,  containing  seven  elements,  do 
not  contain  any  near  analogues  of  chromium,  molybdenum.  Arc,  and 
therefore  their  true  position  among  the  other  elements  must  be  looked 
for  only  in  those  large  periods  which  contain  two  small  periods,  and 
whose  type  is  seen  in  the  period  containing  :  K,  Ca,  Sc,  Ti,  V,  Or,  Mn, 
Fe,  Co,  Ni,  Cu,  Zn,  Ga,  Ge,  As,  Se,  Br.  These  large  periods  contain 
Ca  and  Zn,  giving  RO,  Sc,  and  Ga  of  the  third  group,  Ti  and  Ge 
giving  ROj,  V  and  As  forming  RiO^,  Cr  and  Se  of  the  sixth  group, 
Mn  and  Br  of  the  seventh  group,  and  the  remaining  elements,  Fe, 
Co,  Ni,  form  connective  members  of  the  intermediate  eighth  group,  to 
the  description  of  the  representatives  of  which  we  shall  turn  in  the 
following  chapters.  We  will  now  proceed  to  describe  manganese, 
Mn  =  55,  as  an  element  of  the  seventh  group  of  the  even  series,  directly 
following  after  Cr  — 52,  which  corresponds  with  Br=80  to  the  same 
degree  that  Cr  does  with  Se  =  79.  For  chromium,  selenium,  and 
bromine  very  close  analogues  are  known,  but  for  manganese  as  yet 
none  have  been  obtained — that  is,  it  is  the  only  representative  of  the 
even  series   in  the  seventh  group.       In  placing   manganese  with  the 

dominate  in  the  form  EO5,  whilst  the  lower  forms  are  green  and  blue.  (7)  Zimmermann 
(1861)  determined  the  vapour  densities  of  uranous  bromide,  UBr,,  and  chloride,  UClj 
(19'4  and  13'2),  and  they  were  found  to  correspond  to  the  formuto  given  above — that  is, 
they  confirmed  the  higher  atomic  weight  U  =  240.  Eosooe,  a  great  authority  on  the 
metals  of  this  group,  was  the  first  to  aecept  the  proposed  atomic  weight  of  uranium, 
U  =  240,  which  since  Zimmermann's  work  has  been  generally  recognised. 

1^  Uranium  glass,  obtained  by  the  addition  of  the  yellow  salt  KjUjOy  to  glass,  has  a 
green  yellow  fluorescence,  and  is  sometimes  employed  for  ornaments  ;  it  absorbs  the 
violet  rays,  like  the  other  salts  of  uranic  oxide — that  is,  it  possesses  an  absorption  spec- 
trum in  which  the  violet  rays  are  absent.  The  index  of  refraction  of  the  absorbed  rays 
is  altered,  and  they  are  given  out  again  as  greenish-yellow  rays ;  hence,  compounds  of 
uranic  acid,  when  placed  in  the  violet  portion  of  the  spectrum,  emit  a  greenish-yellow 
light,  and  this  forms  one  of  the  best  examples  (another  is  found  in  a  solution  of  quinine 
sulphate)  of  the  phenomenon  of  fluorescence.  The  rays  of  light  which  pass  through 
uranic  compounds  do  not  contain  the  rays  which  excite  the  phenomena  of  fluorescence 
and  of  chemical  transformation,  as  the  researches  of  Stokes  prove. 
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halogens  in  one  group,  the  periodic  system  of  the  elements  only  requires 
that  it  should  bear  an  analogy  to  the  halogens  in  the  higher  type  of 
oxidation — i.e.  in  the  salts  and  acids — whilst  it  requires  that  as  great 
a  difference  should  be  expected  in  the  lower  types  and  elements  as  there 
exists  between  chromium  or  molybdenum  and  sulphur  or  selenium. 
And  this  is  actually  the  case.     The  elements  of  the  seventh  group  form 
a    higher   salt-forming    oxide,   R2O7!   and  its    corresponding  hj'drate, 
HRO4,  and  salts — for  er.ample,  KCIO4.     Manganese  in  the  form  of 
potassium  permanganate,  KMnO^,  actually  presents  a  great  analogy  in 
many  respects  to  potassium  perchlorate,  KCIO4.     The  analogy  of  the 
crystalline  form  of  both  salts  was  shown  by  Mitscherlich.     The  salts  of 
permanganic  acid  are  also  nearly  all   soluble  in  water,  like  those  of 
perchloric  acid,  and  if  the  silver  salt  of  the  latter,  AgClOj,  be  sparingly 
soluble  in  water,  so  also  is  silver  permanganate,  AgMn04.    The  specific 
volume  of  potassium  perchlorate  is  equal  to  55,  because  its  specific 
gravity  =  2 '54  ;  the  specific  volume  of  potassium  permanganate  is  equal 
to  58,  because    its  specific    gravity=2'71.     So    that   the   volumes   of 
equivalent    quant)ties   are  in  this   instance    approximately  the  same 
whilst  the  atomic  volumes  of  chlorine  (.35'5/l'3^27)  and  manganese 
(55/75)  are  in  the  ratio  4:1.     In  a  free  state  the  higher  acids  HCIO4 
and  HMn04  are  both  soluble  in  water  and  volatile,  both  are  powerful 
oxidisers — in  a  word,  their  analogy  is  still  closer  than  that  of  chromic 
and  sulphuric  acids,  and  those  points  of  distinction  which  they  present 
also  appear  among  the  nearest  analogues — for  example,  in  sulphuric  and 
telluric  acids,  in  hydrochloric  and  hydriodic  acids,  &o.     Besides  iln^O, 
manganese   gives    a  lower   grade   of   oxidation,    MnOj,   analogous   to 
sulphuric  and  chromic   trioxides,  and  with  it    corresponds  potassium 
manganate,  K^Mn04,  isomorphous  with  potassium  sulphate.'"     In  the 
still  lower  grades  of  oxidation,  MiijOg  and  MnO,  there  is  hardly  any 
similarity  to  chlorine,  whilst  every  point   of   resemblance  disappears 
when   we  come  to   the   elements   themselves  —  i.e.   to  manganese  and 
chlorine — for  manganese  is  a  metal,  like  iron,  which  combines  directly 
with  chlorine  to  form  a  saline  compound,  MnClj,  analogous  to  magne- 
sium chloride.'^ 

Manganese  belongs  t(j  the  number  of  metals  widely  distributed  in 

16  xhe  comparison  of  potassium  permanganate  with  potassium  perchlorate,  or  of 
potassium  manganate  with  potassium  sulphate,  shows  directly  that  many  of  the  physical 
and  chemical  properties  of  substances  do  not  depend  on  the  nature  of  the  elements, 
but  on  the  atomic  types  in  which  tliey  appear,  on  the  kind  of  movements,  or  on  the  posi- 
tions in  which  the  atoms  forming  the  molecule  occur. 

1'  If,  however,  we  compare  the  spectra  (Vol.  I.  p.' 56.5)  of  chlorine,  bromine,  and 
iodine  with  that  of  manganese,  a  certain  resemblance  or  analogy  is  to  be  found  connect- 
ing manganese  both  to  iron  and  to  clilurine,  bromine,  and  iodine. 
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nature,  especially  in  those  localities  where  iron  occurs,  whose'  ores 
frequently  contain  compounds  of  maiiganous  oxide,  MnO,  which  presents 
a  resemblance  to  ferrous  oxide,  FeO,  and  to  magnesia.  In  many  minerals 
magnesia  and  the  oxides  allied  to  it  are  replaced  by  manganous  oxide; 
calcspars  and  magnesites — i.e.  R"C03  in  general — are  frequently  met 
with  containing  manganous  carbonate,  which  also  occurs  in  a  separate 
state,  although  but  rarely.  The  soil  also  and  the  ash  of  plants  generally 
contain  a  small  quantity  of  manganese.  In  the  analysis  of  minerals 
it  is  generally  found  that  manganese  occurs  together  with  magnesia, 
because,  like  it,  manganous  oxide  remains  in  solution  in  the  presence  of 
ammoniacal  salts,  not  being  precipitated  by  reagents.  The  property  of 
this  manganous  oxide,  MnO,  of  passing  into  the  higher  grades  of  oxida- 
tion under  the  influence  of  heat,  alkalis,  and  air,  gives  an  easy  means 
not  only  of  discovering  the  presence  of  manganese  in  admixture  with 
magnesia,  but  also  of  separating  these  two  analogous  bases.  Magnesia  is 
not  able  to  give  higher  grades  of  oxidation,  whilst  manganese  gives  them 
with  great  facility.  Thus,  for  instance,  an  alkaline  solution  of  sodium 
hypochlorite  produces  a  precipitate  of  manganese  dioxide  in  a  solution  of 
a  manganous  salt  :  MiiCl2  +  NaC10  +  2NaHO  =  Mn02  +  H20  +  3NaCl  ; 
whilst  magnesia  is  not  changed  under  these  circumstances,  and  remains 
in  the  form  of  MgOl2.  If  the  magnesia  be  precipitated  owing/ to  the 
presence  of  alkali,  it  may  be  dissolved  in  acetic  acid,  in  which  manganese 
dioxide  is  insoluble.  The  presence  of  small  quantities  of  manganese 
may  also  be  recognised  by  the  green  coloration  which  alkalis  acquire 
when  heated  with  manganese  compounds  in  the  air.  This  green  colora- 
tion depends  on  the  property  of  manganese  of  giving  a  green  alkaline 
manganate:  MnCl2-^4KHO-^-02=K2MnO, -1-2KC1 -|-2HoO.  Thus 
ilie  faculty  of  oxidising  in  the  pri'sence  of  alkalis  forms  an  essential 
character  of  manganese.  The  higher  grades  of  oxidation  containing 
MnjO;  and  MnO;,  are  quite  unknown  in  nature,  and  even  MnO^  is  not 
so  widely  spread  in  nature  as  the  ores  composed  of  manganous  com- 
pounds which  are  met  with  nearly  everywhere.  The  most  imj)ortant 
ore  of  manganese  is  its  dioxide,  or  so- c^W&d  peroxide,  MnO^,  which  is 
known  in  mineralogy  as  pyrolusite.  Manganese  also  occurs  as  an 
oxide  corresponding  with  magnetic  iron  ore,  MnO,Mn203  =  Mn304, 
forming  the  mineral  known  as  liausmannile.  The  oxide  Mn203  also 
occurs  in  nature  as  the  anhydrous  mineral  braunite,  and  in  a  hydrated 
form,  Mn203,H20,  called  manganite.  Both  of  these  often  occur  as  an 
admixture  in  pyrolusite.  Besides  which,  manganese  is  met  with  in 
nature  as  a  rose-coloured  mineral,  rhodonite,  or  silicate,  MnSi03.  Very 
fine  and  rich  deposits  of  manganese  ores  have  been  found  in  the 
Caucasus,  the  Urals,  and  along  the  Dnieper.    Those  at  the  Sharapansky 
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district  of  the  Government  of  Kutais  and  at  Nicopol  on  the  Dnieper 
are  particularly  rich.  A  large  quantity  of  the  ore  (as  much  as  100,000 
tons  yearly)  is  exported  from  these  localities. 

Thus  manganese  gives  oxides  of  the  following  forms  :  MnO, 
manganous  oxide,  and  manganous  salts,  MnX.2,  corresponding  with  the 
base,  which  resembles  magnesia  and  ferrous  oxide  in  many  respects  ; 
Mn203,  a  very  feeble  base,  giving  salts,  MnXj,  analogous  to  the 
aluminium  and  ferric  salts,  easily  reduced  to  MnX2  ;  MnOj,  dioxide, 
generally  called  peroxide,  an  almost  indifferent  oxide,  or  feebly  acid  ;."* 
MnOj,  manganic  anhydride,  which  forms  salts  resembling  potassium 
sulphate  ;  "^ ''"  Mn.207,  permanganic  anhydride,  giving  salts  analogous 
to  the  perchlorates. 

All  the  oxides  of  manganese  irJien.  hvated  vntli  acids  give  salts,  MnXj, 
corresponding  with  the  lower  grade  of  oxidation,  mangauaus  oxide, 
MnO.  Manganic  oxide,  Mn203,  is  a  feebly  energetic  base  ;  it  is  true 
that  it  dissolves  in  hydrochloric  acid  and  gives  a  dark  solution  con- 
taining the  salt  MnClj,  but  the  latter  when  heated  evolves  chlorine 
and  gives  a  salt  corresponding  with  manganous  oxide  MnCl2 — i.e.  at 
first  :  Mii203-|-6H01=.3H20  +  Mn2Cle,  and  then  the  MnjCl,;  decom- 
poses into  2  MnOlj  +  CI2.  JSTone  of  the  remaining  higher  grades  of 
oxidation  have  a  basic  character,  but  act  as  oxidising  agents  in  the 
presence  of  a-nds,  disengaging  oxygen  and  passing  into  salts  of  the  lower 
grade  of  oxidation  of  manganese,  MnO.  Owing  to  this  circumstance, 
the  manganous  salts  are  often  obtained  ;  they  are,  for  instance,  left  in 
the  residue  when  the  dioxide  is  used  for  the  preparation  of  oxygen  and 
chlorine. '^ 

18  The  name  '  peroxide  '  should  only  be  retained  for  those  highest  oxides  (and  Mn02 
stands  between  MnO  and  MnOj)  which  either  by  a  direct  method  of  double  decomposition 
are  able  to  give  hydrogen  peroxide  or  contain  a  larger  proxDortion  of  oxygen  tlian  the 
base  or  the  acid,  just  as  hydrogen  peroxide  contains  more  oxygen  than  water.  Their 
type  will  be  H^O^,  and  they  are  exemplified  by  barium  peroxide,  BaO.,,  and  sulphur 
peroxide,  S.2O7,  &c.  Such  a  dioxide  as  MnO^  is,  in  all  probabiUty,  a  salt — that  is,  a 
manganous  manganate,  MnO^MnO,  and  also,  as  a  basic  salt  of  a  feeble  base,  capable  of 
combining  with  alkalis  and  acids.  Hence  the  name  of  manganese  peroxide  should 
be  abandoned,  and  replaced  by  manganese  dioxide,  PbOj  is  better  termed  lead  dioxide 
than  peroxide.  Bisulphide  of  manganese,  MnS^,  corresponding  to  iron  pyrites,  FeSj, 
sometimes  occurs  in  nature  in  fine  octahedra  (and  cube  combinations),  for  inst;ince,  in 
Sicily ;  it  is  cklled  Hauerite. 

18  bis  On  comparing  the  manganates  with  the  permanganates— for  example,  K^MnO., 
with  KMn04 — we  find  that  they  differ  in  composition  by  the  abstraction  of  one  equivalent 
of  the  metal.  Such  a  relation  in  composition  produced  by  oxidation  is  of  frequent 
occurrence — for  instance,  K.,Pe(CN)i;  in  oxidising  gives  K5Pe(CN)e  ;  H^SO.,  in  oxidising 
gives  persulphurio  acid,  HSO4,  or  H.jSjOg  ;  H^O  forms  HO  or  HjOo,  &c. 

"  In  the  preparation  of  oxygen  from  the  dioxide  by  means  of  H.,SO.|,  MnS04  is 
formed ;  in  the  preparation  of  chlorine  from  HCl  and  MnOj,  MnClj  is  obtained.  These 
two  manganous  salts  may  be  taken  as  examples  of  compounds  MnX^.  Manganous 
sulphate  generally  contains  various  impurities,  and  also  a  large  amount  of  iron  salt 
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As  the  salts  of  manganous  oxide  MnX.2  closely  resemble  (and  are 
isomorphous  with)  the  salts  of  magnesia  MgXg  in  many  respects  (with 

(from  the  native  MnO^))  from  which  it  cannot  be  freed  bj"^  cryetaUisation,  Iheir 
removal  may,  however,  be  effected  by  mixing  a  portion  of  the  liquid  with  a  solution  of 
sodium  carbonate ;  a  precix^itate  of  manganous  carbonate  is  then  formed.  This  pre- 
cipitate is  collected  and  washed,  and  then  added  to  the  remaining  mass  of  the  impure 
solution  of  manganous  sulphate  ;  on  heating  the  solution  with  this  precipitate,  the 
whole  of  the  iron  is  precipitated  as  oxide.  This  is  due  to  the  fact  that  in  the  solution  of 
the  manganese  dioxide  in  sulphuric  acid  the  whole  of  the  iron  is  converted  into  the 
ferric  state  (because  the  dioxide  acts  as  an  oxidising  agent),  which,  as  an  exceedingly 
feeble  base  precipitated  by  calcium  carbonate  and  other  kindred  salts,  is  also  precipitated 
by  manganous  carbonate.  After  being  treated  in  this  manner,  the  solution  of  manganous 
sulphate  is  further  purified  by  crystallisation.  If  it  be  a  bright  red  colour,  it  is  due  to 
the  presence  of  higher  grades  of  oxidation  of  manganese ;  they  may  be  destroyed  by 
boiling  the  solution,  when  the  oxygen  from  the  oxides  of  manganese  is  evolved  and  a 
very  faintly  coloured  solution  of  manganous  sulphate  is  obtained.  This  salt  is  remarkable 
for  the  facility  with  which  it  gives  various  combinations  with  water.  By  evaporating 
the  almost  colourless  solution  of  nianga)was  sulphate  at  very  low  temperatures,  and  by 
cooling  the  saturated  solution  at  about  0°,  crystals  are  obtained  containing  7  atoms  of 
water  of  crystallisation,  MnS04,7H,0,  which  are  isomorphous  with  cobaltous  and  ferrous 
sulphates.  These  crystals,  even  at  10°,  lose  5  p.c.  of  water,  and  completely  effloresce  at 
15^,  losing  about  20  p.c.  of  water.  By  evaporating  a  solution  of  the  salt  at  the  ordinary 
temperature,  but  not  above  20°,  crystals  are  obtained  containing  5  mol.-  HoO,  which 
are  isomorphous  with  copjper  sulphate  ;  whilst  if  the  crystallisation  be  carried  on  between 
20^  and  30°,  large  transparent  prismatic  crystals  are  formed  containing  4  mol.  HmO  [see 
Nickel).  A  boiling  solution  also  deposits  these  crystals  together  with  crystals  containing 
3  mol.  H.^0,  whilst  the  first  salt,  when  fused  and  boiled  with  alcohol,  gives  crystals 
containing  2  mol.  H^O.  Graham  obtained  tt,  monohydrated  salt  by  drying  the  salt  at 
about  200^.  The  last  atom  of  water  is  eliminated  with  difficulty,  as  is  the  case  with  all 
salts  like  MgSO.j/tH^O.  The  crystals  containing  a  considerable  amount  of  water  are 
rose-coloured,  and  the  anhydrous  crystals  are  colourless.  The  solubility  of  MnSOj,4:H.iO 
(Chapter  I.,  Note  24)  per  100  parts  of  water  is  :  at  10^,  127  parts ;  at  37°'5,  149  parts  ;  at 
75°,  145  parts  ;  and  at  101°,  92  parts.  Whence  it  is  seen  that  at  the  boiling-point  this  salt 
is  less  soluble  than  at  lower  temperatures,  and  therefore  a  solution  saturated  at  the 
ordinary  temperature  becomes  turbid  when  boiled.  Manganous  sulphate,  being  analogous 
to  magnesium  sulphate,  is  decomposed,  like  the  latter,  when  ignited,  but  it  does  not  then 
leave  manganous  oxide,  but  the  intennediate  oxide,  Mn304.  It  gives  double  salts  with 
the  alkali  sulphates.  With  aluminium  sulphate  it  forms  fine  radiated  crystals,  whose 
composition  resembles  that  of  the  alums — namely,  MnAl^(S04)4,  24H;jO.  This  salt  is 
easily  soluble  in  water,  and  occurs  in  nature. 

Manganous  chloride,  MCI2,  crystallises  with  4  mol.  H^O,  like  the  ferrous  salt,  and 
not  with  6  mol.  H;^0  like  many  kindred  salts — for  example,  those  of  cobalt,  calcimn,  and 
magnesium ;  100  parts  of  water  dissolve  38  laarts  of  the  anhydrous  salt  at  10'^  and  55 
parts  at  62°.  Alcohol  also  dissolves  manganous  chloride,  and  the  alcoholic  solution 
burns  with  a  red  flame.  This  salt,  like  magnesium  chloride,  readily  forms  double  salts. 
A  solution  of  borax  gives  a  dirty  rose-coloured  precipitate  having  the  composition 
MnH4(B05)2lI,0,  which  is  used  as  a  drier  in  paint-making.  Potassium  cyanide  pro- 
duces a  yellowish- grey  precipitate,  MnC.^N^,  with  manganous  salts,  soluble  in  an  excess  of 
the  reagent,  a  double  salt,  K4MnC,.;Ny,  corresponding  with  potassium  ferrocyanide, 
being  formed.  On  evaporation  of  this  solution,  a  portion  of  the  manganese  is  oxidised 
and  precipitated,  whilst  a  salt  corresponding  to  Gmelin's  red  salt,  Kr.MnCgNj-  [see 
Chapter  XXII.),  remains  in  solution.  Sulphuretted  hydrogen  does  not  x^recipitate 
salts  of  manganese,  not  even  the  acetate,  but  ammonium  sulphide  gives  a  flesh-coloured 
precipitate,  MnS ;  at  320°  this  sulphide  of  manganese  passes  into  a  green  variety  (Antony). 
Oxalic  acid   in  strong    solutions   of   manganous  salts  gives   a,  white  precipitate  of  the 
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the  exception  of  the  fact  that  MnX,  are  rose  coloured  and  are  easily 
oxidised  in  the  presence  of  alkalis),  we  will  not  dwell  upon  them,  but 

oxalate,  JlnC.O^.  This  precipitate  is  insoluble  in  water,  and  is  used  for  the  preparation 
of  manganous  oxide  itself  because  it  decomposes  like  oxalic  acid  when  ignited  (in  a  tube 
without  access  of  air),  with  the  formation  of  carbonic  anhydride,  carbonic  oxide,  and 
manganous  oxide.  Manganoiis  oxide  thus  obtained  is  a  green  powder,  which  however 
oxidises  with  such  facility  that  it  bums  in  air  when  brought  into  contact  with  an 
incandescent  substance,  and  passes  into  the  red  intermediate  oxide  ^10304,  In  solutions 
of  manganous  salts,  alkalis  produce  a  precipitate  of  the  hydroxide  MnH-jOo,  which 
rapidly  absorbs  oxygen  in  the  presence  of  air  and  gives  the  brown  intermediate  oxide, 
or,  more  correctly  speaking,  its  hydrate. 

Manganous  oxide,  besides  being  obtained  by  the  above-described  method  from  man- 
ganous oxalate,  may  also  be  obtained  by  igniting  the  higher  oxides  in  a  stream  of 
hydrogen,  and  also  from  manganese  carbonate.  The  manganous  oxide  ignited  in  the 
presence  of  hydrogen  acquires  a  great  density,  and  is  no  longer  so  easily  oxidised.  It 
may  also  be  obtained  in  a  crystalline  form,  if  during  the  ignition  of  the  carbonate  or 
higher  oxide  a  trace  of  dry  hydrochloric  acid  gas  be  passed  into  the  cun-ent  of  hydrogen. 
It  is  thus  obtained  in  the  form  of  transparent  etnerald  green  crystals  of  the  regular 
system,  and  in  this  state  is  easily  soluble  in  acids. 

Manganous  oxide  in  oxidising  gives  the  red  oxide  ofmimganear.  Mn504.  This  is  the 
most  stable  of  all  the  oxides  of  manganese  ;  it  is  not  only  stable  at  the  ordinary  but  also- 
at  a  high  temperature — that  is,  it  does  not  absorb  or  disengage  oxygen  spontaneously, 
AVhen  ignited,  all  the  higher  oxides  of  manganese  pass  into  it  by  losing  oxygen,  and 
manganous  oxide  by  aljsorbing  oxygen.  This  oxide  does  not  give  any  distinct  salts, 
but  it  dissolves  in  sulphuric  acid,  forming  a  dark  red  solution,  w^hich  contains  both 
manganous  and  manganic  (of  the  oxide,  ]Mn^,0,-J  sulphates.  The  latter  with  potassium 
sulphate  gives  a  manganese  alum,  in  which  the  alumina  is  replaced  by  its  isomorphous 
oxide  of  manganese.  But  this  alum,  like  the  solution  of  the  intermediate  oxide  in  sul- 
phuric acid,  evolves  oxygen  and  leaves  a  manganous  salt  when  slightly  heated. 

Manganese  dioxide  is  still  less  basic  than  the  oxide,  and  disengages  oxygen  or  a 
halogen  in  the  presence  of  acids,  forming  manganous  salts,  like  the  oxide.  However,  if  it 
be  suspended  in  ether,  and  hydrochloric  acid  gas  passed  into  the  mixture,  which  is  kept 
cool,  the  ether  acquires  a  green  colour,  owing  to  the  formation  of  tetra-chloride  of 
manganese,  ilnCl,,  corresponding  with  the  dioxide  which  passes  into  solution.  It  is 
however  very  unstable,  being  exceedingly  easily  decomposed  with  the  evolution  of 
chlorine.  The  corresponding  fluoride,  MnF„  obtained  by  Xickle's  is  much  more  stable. 
At  all  events,  manganese  dioxide  does  not  exhibit  any  well-defined  basic  character,  but 
has  rather  an  acid  character,  which  is  particularly  shown  in  the  compounds  MnF.4  and 
JMnCl4  just  mentioned,  and  in  the  property  of  manganese  dioxide  of  combining  with 
alkalis.  If  the  higher  grades  of  oxidation  of  manganese  be  deoxidised  in  the  presence  of 
alkalis,  they  frequently  give  the  dioxide  combined  with  the  alkali — for  example,  in  the 
presence  of  potash  a  compound  is  formed  which  contains  K._,0,-)Mn0.2,  wliich  shows  the 
weak  acid  character  of  this  oxide.  "When  ignited  in  the  presence  of  sodium  compounds 
manganese  dioxide  frequently  forms  Xa./J,SMnO,  and  X;u,0,12MnO._,,  and  lime  when 
heated  with  MnO.j  gives  from  CaO.BMnO^  to  (CaOi^.MnO.^  (Rousseau)  according  to  the 
temperature.  Besides  which,  perhaps,  MnO,  is  a  saline  compound,  containing 
MnOMnOj  or  (MnOj.-iluoO,,  and  there  are  reactions  which  support  such  a  view  (Spring, 
Richards,  Traube,  and  others) ;  for  instance  it  is  known  that  manganous  chloride  and 
potassium  permanganate  give  the  dioxide  in  the  presence  of  alkalis. 

Manganese  dioxide  may  be  obtained  from  manganous  salts  by  the  action  of  oxidis- 
ing agents.  If  manganous  hydroxide  or  carbonate  be  shaken  up  in  water  through 
which  chlorine  is  passed,  the  hypochlorite  of  the  metal  is  not  formed,  as  is  the  case 
with  certain  other  oxides,  but  manganese  dioxide  is  precipitated :  2M11O2H2  +  Clj 
=  MnCln  ^  Mn02,H.jO  -I-  H^O.  Owing  to  this  fact,  hypochlorites  in  the  presence  of  alkahs 
and  acetic  acid  when  added  to  a  solution  of  manganous  salts  give  hydrated  manganese 
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limit  ourselves  to  illustrating  the  chemical  character  of  manganese  by 
describing  the  metal  and  its  corresponding  acids.  The  fact  alone  that 
the  oxides  of  manganese  are  not  reduced  to  the  metal  when  ignited  in 
hydrogen  (whilst  the  oxides  of  iron  give  metallic  iron  under  these 
circumstances),  but  only  to  manganous  oxide,  MnO,  shows  that 
manganese  has  a,  considerable  affinity  for  oxygen — that  is,  it  is  difficult 
to  reduce.  This  may  be  effected,  however,  by  means  of  charcoal  or 
sodium  at  a  very  high  temperature.  A  mixture  of  one  of  the  oxides  of 
manganese  with  charcoal  or  organic  matter  gives  fused  'metallic  man- 
ganese under  the  powerful  heat  developed  by  coke  with  an  artificial 
draught.  The  metal  was  obtained  for  the  first  time  in  this  manner  by 
Gahn,  after  Pott,  and  more  especially  Hcheele,  had  in  the  last  century 
shown  the  difference  between  the  compounds  of  iron  and  manganese 
(they  were  previously  regarded  as  being  the  same).  Manganese  is  pre- 
pared by  mixing  one  of  its  oxides  in  a  finely-divided  state  with  oil  and 
soot ;  the  resultant  mass  is  then  first  ignited  in  order  to  decompose 
the  organic  matter,  and  afterwards  strongly  heated  in  a  charcoal  crucible. 
The  manganese  thus  obtained,  however,  contains,  as  a  rule,  a  consider- 
able amount  of  silicon  and  other  impurities.  Its  specific  gravity  varies 
between  7-2  and  8-0.  It  has  a  light  grey  colour,  a  feebly  metallic 
lustre,  and  although  it  is  very  hard  it  can  be  scratched  by  a  file.  It 
rapidly  oxidises  in  air,  being  converted  into  a  black  oxide  ;  water  acts 
on  it  with  the  evolution  of  hydrogen — this  decomposition  proceeds  very 
rapidly  with  boiling  water,  and  if  the  metal  contain  carbon.  2" 

dioxide,  as  was  mentioned  above.  Manganous  nitrate  also  leaves  manganese  dioxide 
wlien  heated  to  200°.  It  is  also  obtained  from  manganous  and  manganic  salts  of  the 
alkalis,  when  they  are  decomposed  in  the  presence  of  a  small  amount  of  acid  ;  the  prac- 
tical method  of  converting  the  salts  MnX.j  into  the  higher  grades  of  oxidation  is  given  in 
Chapter  II.,  Note  6. 

^^  Other  chemists  have  obtained  manganese  by  different  methods,  and  attributed 
different  properties  to  it.  This  diiference  probably  depends  on  the  presence  of  carbon 
in  different  proportions.  Deville  obtained  manganese  by  subjecting  the  pure  dioxide, 
mixed  with  pure  charcoal  (from  burnt  sugar),  to  a  strong  heat  in  a  lime  crucible  until  the 
resultant  metal  fused.  The  metal  obtained  had  a  rose  tint,  like  bismuth,  and  like  it 
was  very  brittle,  although  exceedingly  hard.  It  decomposed  water  at  the  ordinary 
temperature.  Brunner  obtained  manganese  having  a  specific  gravity  of  about  7*2,  which 
decomposed  water  very  feebly  at  the  ordinary  temperature,  did  not  oxidise  in  air,  and 
was  capable  of  taking  a  bright  polish,  like  steel ;  it  had  the  grey  colour  of  cast  iron,  was 
very  brittle,  and  hard  enough  to  scratch  steel  and  glass,  like  a  diamond.  Brunner's 
method  was  as  follows  :  He  decomposed  the  manganese  fluoride  (obtained  as  a  soluble 
compound  by  the  action  of  hydrofluoric  acid  on  manganese  carbonate)  with  sodium,  by 
mixing  these  substances  together  in  a  crucible  and  covering  the  mixture  with  a  layer  of 
salt  and  fluor  spar  ;  after  which  the  crucible  was  first  gradually  heated  until  the  reaction 
began,  and  then  strongly  heated  in  order  to  fuse  the  metal  separated.  Glatzel  (1889) 
obtained  25  grms.  of  manganese,  having  a  grey  colour  and  sp.  gr.  7"39,  by  heating  a 
mixture  of  100  grms.  of  MnCU  with  200  grms.  KCl  and  15  grms.  Mg  to  a  bright  white 
heat.    Moissan  and  others,  by  heating  the  oxides  of  manganese  with  carbon  in  the  electric 
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It  has  been  shown  above  that  if  manganese  dioxide,  or  any 
lower  oxide  of  manganese,  be  heated  with  an  alkali  in  the  presence  of 
air,  the  mixture  absorbs  oxygen,^'  and  forms  an  alkaline  mauganate  of  a, 
green  colour:  2KHO  +  Mn02  +  0  =  K.,Mn04  +  H20.  Steam  is  disen- 
gaged during  the  ignition  of  the  mixture,  and  if  this  does  not  take 
place  there  is  no  absorption  of  oxygen.  The  oxidation  proceeds  much 
more  rapidly  if,  before  igniting  in  air,  potassium  chlorate  or  nitre  be 
added  to  the  mixture,  and  this  is  the  method  of  preparing  potassimii, 
mangariate,  K2MnO,|.  The  resultant  mass  dissolved  in  a  small  quantity 
of  water  gives  a  dark  green  solution,  which,  when  evaporated  under  the 
receiver  of  an  air-pump  over  sulphuric  acid,  deposits  green  crystals  of 
exactly  the  same  form  as  potassium  sulphate  — namely,  six-sided  prisms 
and  pyramids.  The  composition  of  the  product  is  not  changed  by  being 
redissolved,  if  perfectly  pure  water  free  from  air  and  carbonic  acid  be 
taken.  But  in  the  presence  of  even  very  feeble  acids  the  solution  of 
this  salt  changes  its  colour  and  becomes  red,  and  deposits  manganese 
dioxide.  The  same  decomposition  takes  place  when  the  salt  is  heated 
with  water,  but  when  diluted  with  a  large  quantity  of  unboiled  water 
manganese  dioxide  does  not  separate,  although  the  solution  turns  red. 
This  change  of  colour  depends  on  the  fact  that  potassium  manganate, 
K2Mn04,  whose  solution  is  green,  is  transformed  into  potassium  per- 
manganate, KMn04,  whose  solution  is  of  a  red  colour.  The  reaction 
proceeding  under  the  influence  of  acids  and  a  large  quantity  of  water 

furnace,  obtained  carbides  of  manganese — for  example,  Mn^C — and  remarked  that  the  metal 
volatilised  in  the  heat  of  the  voltaic  arc.  Metallic  manganese  is,  however,  not  prepared  on 
a  large  scale,  but  only  its  alloys  with  carbon  (they  readily  and  rapidly  oxidise)  and /erro- 
inanganese  or  a  coarsely  crystalline  alloy  of  iron,  manganese  and  carbon,  which  is 
smelted  in  blast-furnaces  like  pig-iron  [see  Chapter  XXII.)  This  ferro-manganese  is 
employed  in  the  manufacture  of  steel  by  Bessemer's  and  other  processes  [see  Chapter 
XXII.)  and  for  the  manufacture  of  manganese  bronze.  However,  in  America,  Green  and 
"Wahl  (1895)  obtained  almost  pure  metallic  manganese  on  a  large  scale.  They  first  treat 
the  ore  of  MnO.^  with  30  i^.c.  sulphuric  acid  (which  extracts  all  the  oxides  of  iron 
present  in  the  ore),  and  then  heat  it  in  a  reducing  flame  to  con\'ert  it  into  MnO,  which 
they  mix  with  a  powder  of  Al,  lime  and  CaFo  (as  a  flux),  and  heat  the  mixture  in  a 
crucible  lined  with  magnesia  ;  a  reaction  immediately  takes  place  at  a  certain  temperature, 
and  a  metal  of  specific  gravity  7'3  is  obtained,  which  only  contains  a  small  trace  of  iron. 

Manganese  gives  two  compounds  with  nifj-ogrii,  Mn5N2  and  Mn:jN.j.  They  were 
obtained  by  Prelinger  (1894)  from  the  amalgam  of  manganese  Mn-jHgs  (obtained  on  a 
mercury  anode  by  the  action  of  an  electric  current  upon  a  solution  of  MnCl.>) ;  the 
mercury  may  be  removed  from  this  amalgam  by  heating  it  in  an  atmosphere  of  hydrogen, 
and  then  metallic  manganese  is  obtained  as  a  grey  porous  mass  of  specific  gravity  7'42. 
If  this  amalgam  be  heated  in  dry  nitrogen  it  gives  MujN.^  (grey  powder,  sp.  gr.  6*58),  but 
if  heated  in  an  atmosphere  of  NHj  it  gives  (as  also  does  MujN.j)  Mn-^Nj,  (a  dark  mass 
with  a  metallic  lustre,  sp.  gr.  6"21),  which,  when  heated  in  nitrogen  is  converted  into 
MnsNy,  and  if  heated  in  hydrogen  evolves  NH5  and  disengages  hydrogen  from  a  solution 
of  NH4CI.  At  all  events,  manganese  is  a  metal  which  decomposes  water  more  easily 
than  iron,  nickel,  and  cobalt. 

21  Volume  I.  p.  157,  Note  7. 
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is  expressed  in  the  following  manner  :  SKgMnO^ -f  2H20  =  2K]\InO.[ 
+  Mn02  +  4KHO.  If  there  is  a  large  proportion  of  acid  and  the  de- 
coDiposition  is  aided  by  heat,  the  manganese  dioxide  and  potassium 
permanganate  are  also  decomposed,  with  formation  of  raanganous  salt. 
Exactly  the  same  decomposition  as  takes  place  under  the  action  of  acids 
is  also  accomplished  by  magnesium  sulphate,  which  reacts  in  many  cases 
like  an  acid.  "When  water  holding  atmospheric  oxygen  in  solution  acts 
on  a  solution  of  potassium  manganate,  the  oxygen  combines  directly 
with  the  manganate  and  forms  potassium  permanganate,  without 
precipitating  manganese  dioxide,  2K2MnO^  +  0  +  HgO  =:  SKMnOj 
H-2KH0.  Thus  a  solution  of  potassium  manganate  undergoes  a  very 
chai-acteristic  change  in  colour  and  passes  from  green  to  red  ;  hence  this 
salt  received  the  name  of  chameleon  'lauieralr'^ 

Potassium  j^ertnanganate,  KMnO^,  crystallises  in  well-formed,  long 
red  prisms  with  a  bright  green  metallic  lustre.  In  the  arts  the  potash 
is  frequently  replaced  by  soda,  and  by  other  alkaline  bases,  but  no  salt 
of  permanganic  acid  crystallises  so  well  as  the  potassium  salt,  and 
therefore  this  salt  is  exclusively  used  in  chemical  laboratories.  One 
part  of  the  crystalline  salt  dissolves  in  15  parts  of  water  at  the  ordinary 
temperature.  The  solution  is  of  a  very  deep  red  colour,  which  is  so 
intense  that  it  is  still  clearly  observable  after  being  highly  diluted  with 
water.     In  a  solid  state  it  is  decomposed  by  heat,  with  evolution  of 

'^^  It  was  known  to  the  alchemists  by  this  name,  but  the  true  explanation  of  the 
change  in  colour  is  due  to  the  researches  of  Chevillot,  Edwards,  Mitscherlich,  and 
Forchhammer.  The  change  in  colour  of  potassium  manganate  is  due  to  its  insta- 
bility and  to  its  splitting  up  into  two  other  manganese  compounds,  a  higher  and  a 
lower  :  8Mn05  =  Mn^07  +  MnO.,.  Manganese  trioxide  is  really  decomposed  inthismanner 
by  the  action  of  water  (see  later)  ;  3iIuO-  +  H20  =  '2MnH04+MnOo  (Franke,  Thorpe, 
and  Humbly).  The  instability  of  the  salt  is  proved  by  the  fact  of  its  being  deoxidised  by 
organic  matter,  with  the  formation  of  manganese  dioxide  and  alkali,  so  that,  for  instance, 
a  solution  of  this  salt  cannot  be  filtered  through  paper.  The  presence  of  an  excess  of 
alkali  increases  the  stability  of  the  salt ;  when  heated  it  breaks  up  in  the  presence  of 
water,  with  the  evolution  of  oxygen. 

The  method  of  preparing  _2?of«S'S7'7/7;?.;pcr77?fl??^a;;fl^c  will  be  understood  from  the  above. 
There  are  many  recipes  for  preparing  this  substance,  as  it  is  now  used  in  considerable 
quantities  both  for  technical  and  laboratory  purposes.  But  in  all  cases  the  essence  of 
the  methods  is  one  and  the  same :  a,  mixture  of  alkali  with  any  oxide  of  manganese 
(even  manganous  hydroxide,  which  may  be  obtained  from  manganous  chloride)  is  first 
heated  in  the  presence  of  air  or  of  an  oxidising  substance  (for  the  sake  of  rapidity,  with 
potassium  chlorate)  ;  the  resultant  mass  is  then  treated  with  water  and  heated,  when 
manganese  dioxide  is  precipitated  and  potassium  permanganate  remains  in  solution. 
This  solution  may  be  boiled,  as  the  liquid  will  contain  free  alkali;  but  the  solution 
cannot  be  evaporated  to  dryness,  because  a  strcng  solution,  as  well  as  the  solid  salt,  is 
decomposed  by  heat. 

By  adding  a  dilute  solution  of  manganous  sulphate  to  a  boiling  mixture  of  lead 
dioxide  and  dilute  nitric  acid,  the  whole  of  the  manganese  may  be  converted  into  per- 
manganic acid  (Crum). 
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oxygen,  a  residue  consisting  of  the  lower  oxides  of  manganese  and 
potassium  oxide  being  left.--  '''^  A  mixture  of  permanganate  of  potas- 
sium, phosphorous  and  sulphur  takes  fire  when  struck  or  rubbed,  a 
mixture  of  the  permanganate  with  carbon  only  takes  tire  when  heated, 
not  when  struck.  The  instability  of  the  salt  is  also  seen  in  the  fact 
that  its  solution  is  decomposed  by  peroxide  of  hydrogen,  which  at  the 
same  time  it  decomposes.  A  number  of  substances  reduce  potassium 
permanganate  to  manganese  dioxide  (in  which  case  the  red  solution 
becomes  colourless).-^  Many  organic  substances  (although  far  from 
all,  even  when  boiled  in  a  solution  of  permanganate)  act  in  this  manner, 
being  oxidised  at  the  expense  of  a  portion  of  its  oxygen.  Thus,  a 
solution  of  sugar  decomposes  a  cold  solution  of  potassium  permanganate. 
In  the  presence  of  an  excess  of  alkali,  with  a  small  quantity  of  sugar, 
the  reduction  leads  to  the  formation  of  potassium  manganate,  because 
2KMn04  -1-  2KH0 =0  -|-  2K5Mn04  -1-  H^O.  With  a  considerable  amount 
of  sugar  and  a  more  prolonged  action,  the  solution  turns  brown  and 
precipitates  manganese  dioxide  or  even  oxide.  In  the  oxidation  of 
many  organic  bodies  by  an  alkaline  solution  of  KMnOj  generally  three- 
eighths  of  the  oxygen  in  the  salt  are  utilised  for  oxidation  :  2KMn04 
=£00  4- 2Mn02 -h  O3.  A  portion  of  the  alkali  liberated  is  retained  by 
the  manganese  dioxide,  and  the  other  portion  generally  combines  with 
the  substance  oxidised,  because  the  latter  most  frequently  gives  an  acid 
with  an  excess  of  alkali.  A  solution  of  potassium  iodide  acts  in  a 
similar  manner,  being  converted  into  potassium  iodate  at  the  expense  of 
the  three  atoms  of  oxygen  disengaged  by  two  molecules  of  potassium 
permanganate. 

In  the  pfesence  of  acids,  potassiiun  permanganate  acts  as  an  oxidising 
agent  with  still  greater  energy  than  in  the  presence  of  alkalis.  At  any 
rate,  a  greater  proportion  of  oxygen  is  then  available  for  oxidation, 
namely,  not  |,  as  in  the  presence  of  alkalis,  but  p,  because  in  the  first 
instance  manganese  dioxide  is  formed,  and  in  the  second  case  mangan- 
ous  oxide,  or  rather  the  salt,  MnX.^,  corresponding  with  it.     Thus,  for 

2-  I'is  The  solution  of  this  salt  with  an  excess  of  impure  commercial  alkali  generally 
acquires  a  green  tint. 

-^  A  solution  of  potassium  permanganate  gives  a  beautiful  absorption  spectrum 
{Chapter  XIII.)  If  the  light  in  passing  through  this  solution  loses  a  portion  of  its  rays 
in  it  {if  one  may  so  account  for  it),  this  is  partially  explained  by  the  increased  oxidising 
power  which  the  solution  then  acquires.  We  may  here  also  remark  that  a  dilute  solution 
of  permanganate  of  potassium  forms  a  colourless  solution  with  nickel  salts,  because 
the'green  colour  of  the  solution  of  nickel  salts  is  complementary  to  the  red.  Such  a 
decolorised  solution,  containing  a  large  proportion  of  nickel  and  a  small  proportion  of 
manganese,  decomposes  after  a  time,  tlirows  down  a  precipitate,  and  re-acquires  the 
green  colour  proper  to  the  nickel  salts.  The  addition  of  a  solution  of  a  cobalt  salt  {rose- 
red)  to  the  nickel  salt  also  destroys  the  colonr  of  both  salts. 
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instance,  in  the  presence  of  an  excess  of  sulphui-ic  acid,  the  decom- 
position is  accomplished  in  the  following  manner  :  -iKMnO.,  +  3HvS0, 
=K.2SO_i  +  2MnS04  +  3H20-|-r)0.  This  decomposition,  however,  does 
not  proceed  directly  on  mixing  a  solution  of  tlie  salt  with  sulphuric 
acid,  and  crystals  of  the  salt  even  dissolve  in  oil  of  vitriol  without  the 
evolution  of  oxygen,  and  this  solution  only  decomposes  by  degrees  after 
a  certain  time.  This  is  due  to  the  fact  that  sulphuric  acid  liberates 
free  permanganic  acid  from  the  peraianganate,^'  which  acid  is  stable 
in  solution.     But  if,  in  the  presence  of  acids  and  a  permanganate,  there 

-^  If  sulphuric  acid  is  allowed  to  act  on  potassium  permanganate  vvitbout  any  special 
precautious,  a  large  amount  of  oxygen  is  evoh'ed  (it  may  even  explode  and  inflame),  and 
a  violet  spray  of  the  decomposing  permanganic  acid  is  given  oS.  But  if  the  pure  salt 
{i.e.  free  from  clilorine)  be  dissolved  in  pure  well-cooled  sulphuric  acid,  without 
any  rise  in  temperature,  a  green-coloured  liquid  settles  at  the  bottom  of  the  vessel. 
This  liquid  does  not  contain  any  sulphuric  acid,  and  consists  of  permanganic  anhj^dride, 
Mn^Oy  (Aschoff,  Terrell).  It  is  impossible  to  x^repare  any  considerable  quantity  of  the 
anhydride  by  this  method,  as  it  decomposes  with  an  explosion  as  it  collects,  evolving 
oxygen  and  leaving  red  oxide  of  manganese.  Permanganic  anhijdride,  Mn.^Oy,  in 
dissolving  in  sulphurie  acid,  gives  a  green  solution,  which  (according  to  Franke,  1887)  con- 
tains a  compound  Mn.^SOio  =  (MnO-)^SOi — that  is,  svilpliuric  acid  in  which  both  hydro- 
gens are  replaced  by  the  group  MnO^,  which  is  combined  with  OK  in  permanganate  of 
potassium.  This  mixture  with  a  small  quantity  of  water  gives  Mn^Oy,  according  to  the 
equation:  (^InO-,)^S04-t-H^O  ~  H.^SO_j -I- ^In^Oy,  and  when  heated  to  30°  it  gives  man- 
ganese trloxide^  (]VInO^).2SO_i  +  HjO  =  2Mn0.j-t-H2S04-t-0.  Pure  manganese  trioxide  is 
obtained  if  the  solution  of  (MnO-,).2S04  be  poured  in  drops  on  to  sodium  carbonate.  Then, 
together  witli  carbonic  anhydride,  a  spray  of  manganese  trioxide  passes  over,  which 
may  be  collected  in  a  well-cooled  receiver,  and  this  shows  that  the  reaction  proceeds 
according  to  the  equation  ;  (ilnO.-J^SOj  +  NajCO^  -^  Na  ,S0  ,  -  2MnO-  -h  CO.^  -I-  O  (Thorpe). 
The  trioxide  is  decomposed  by  water,  forming  manganese  dioxide  and  a  solution  of 
permanganic  acid:  SMnOjH-H^O  =  MnOj  +  '2HMn04.  The  same  acid  is  obtained  by 
dissolving  permanganic  anhydride  in  water. 

Barium  permanganate  when  treated  with  sulphuric  acid  gives  the  siime  acid.  This 
barium  salt  may  be  prepared  by  the  action  of  barium  chloride  on  the  difficultly  soluble 
silver  permanganate,  AgMn04,  which  is  precipitated  on  mixing  a  strong  solution  of  the 
potassium  salt  with  silver  nitrate.  The  solution  of  permanganic  acid  forms  a  bright  red 
liquid  which  reflects  a  dark  violet  tint.  A  dilute  solution  has  exactly  the  same  colour 
as  that  of  the  potassium  salt.  It  deposits  manganese  dioxide  when  exposed  to  the  action 
of  light,  and  also  when  heated  above  eo^*,  and  this  proceeds  the  more  rapidly  the  more 
dilute  the  solution.  It  shows  its  oxidising  properties  in  many  cases,  as  already 
mentioned.  Even  hydrogen  gas  is  al  isorijed  by  a  solution  of  permanganic  acid ;  and 
charcoal  and  sulphur  are  also  oxidised  by  it,  as  they  are  by  potassium  permanganate. 
This  may  be  taken  advantage  of  in  analysing  gunpowder,  because  when  it  is  treated 
with  a  solution  of  potassium  permanganate,  all  the  sulphur  is  converted  into  sulphuric 
acid  and  all  the  charcoal  into  carbonic  anhydride.  Finely-divided  platinum  immediately 
decomposes  permanganic  acid.  With  potassium  iodide  it  liberates  iodine  (which  may 
afterwards  be  oxidised  into  iodic  acid)  (Mitscherlich,  Fromherz,  Aschoff,  and  others). 
Ammonia  does  not  form  a  corresponding  salt  with  free  permanganic  acid,  because  it  is 
oxidised  with  evolution  of  nitrogen.  The  oxidising  action  of  permanganic  acid  in  a 
strong  solution  may  be  accompanied  by  flame  and  the  formation  of  violet  fumes  of 
permanganic  acid  ;  thus  a  strong  solution  of  it  takes  fire  when  brought  into  contact  with 
paper,  alcohol,  alkaline  sulphides,  fats,  ^c. 

We  may  add  that,  according  to  Franke,  1  part  of  potassium  permanganate  Avith  13 
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is  a  substance  capable  of  alisorbing  oxygen— for  instance,  capable  of 
passing  into  a  higher  grade  of  oxidation  — then  the  reduction  of  the 
permanganic  acid  into  nianganous  oxides  sometimes  proceeds  directly 
at  the  ordinary  temperature.  This  reduction  is  very  clearly  seen, 
because  the  solutions  of  potassium  permanganate  are  red  whilst  the 
manganous  salts  are  almost  colourless.  Thus,  for  instance,  nitrous  acid 
and  its  salts  are  converted  into  nitric  acid  and  decolorise  the  acid  solution 
of  the  permanganate.  Sulphurous  anhydride  and  its  salts  immediately 
decolorise  potassium  permanganate,  forming  sulphuric  acid.  Ferrous 
salts,  and  in  general  salts  of  lower  grades  of  oxidation  capable  of  being 
oxidised  in  solution,  act  in  exactly  the  same  manner.  Sulphuretted 
hydrogen  is  also  oxidised  to  sulphuric  acid  ;  even  mercury  is  oxidised 
at  the  expense  of  permanganic  acid,  and  decolorises  its  solution,  being 
converted  into  mercuric  oxide.  Moreover,  the  end  point  of  these  reactions 
may  easily  be  seen,  and  therefore,  having  first  determined  the  amount 
of  active  oxygen  in  one  volume  of  a  solution  of  potassium  permanganate, 
and  knowing  how  many  volumes  are  required  to  effect  a  given  oxidation, 
it  is  easy  to  determine  the  amount  of  an  oxidisable  substance  in  a 
solution  from  the  amount  of  permanganate  expended  (Marguerite's 
method). 

The  oxidising  action  of  KMnOj,  like  all  other  chemical  reactions, 
is  not  accomplished  instantaneously,  but  only  gradually.  And,  as  the 
course  of  the  reaction  is  here  easily  followed  by  determining  the  amount 
of  salt  unchanged  in  a  sample  taken  at  a  given  moment,^''  the  oxidising 
reaction  of  potassium  permanganate,  in  an  acid  liquid,  was  employed  by 
Harcourt  and  Esson  (186-5)  as  one  of  the  first  eases  for  the  investigation 
of  the  laws  of  the  rate  of  chemical  change'^^  as  a  subject  of  great  import- 
ance in  chemical  mechanics.     In  their  experiments  they  took  oxalic  acid, 

parts  of  sulphuric  acid  at  100°  gives  brown  crystals  of  the  salt  Mn.,(S04)5,H2S04,4HoO, 
which  gives  a  precipitate  of  hydrated  manganese  dioxide,  H^MnO^  =  MnOaH.jO,  when 
treated  with  water. 

Spring,  by  precipitating  potTissinm  permanganate  with  sodium  sulphite  and  washing 
the  precipitate  by  decantation,  obtained  a  soluble  colloidal  manganese  oxide,  whose 
composition  was  the  mean  between  Mn.^O^  and  MnO.^ — namely,  Mn30,-.,4(Mn0.jH.jO). 

-5  For  rapid  and  accurate  determinations  of  this  kinid,  advantage  is  taken  of  those 
methods  of  chemical  analysis  which  are  known  as  '  titrations '  {volumetric  analysis),  and 
consist  in  measuring  the  volume  of  solutions  of  Icnown  strength  required  for  the  complete 
conversion  of  a  given  substance.  Details  respecting  the  theory  and  practice  of  titration, 
in  which  jjotassium  permanganate  is  very  frequently  employed,  must  be  looked  for  in 
works  on  analytical  chemistry. 

-'^  The  measurements  of  velocity  and  acceleration  serve  for  determining  the  meaKure 
of  forces  in  mechanics,  but  in  that  case  the  velocities  are  magnitudes  of  length  or  paths 
passed  over  in  a  unit  of  time.  The  velocity  of  chemical  change  embodies  a  conception  of 
quite  another  kind.  In  the  first  place,  the  velocities  of  reactions  are  magnitudes  of  the 
masses  which  have  entered  into  chemical  transformations  ;  in  the  second  place,  these 
velocities  can  only  be  relative  quantities.     Hence  the  conception  of  '  velocity  '  has  quite  a 
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C.jH.jOj,  which  in  oxidising  gives  carbonic  anhydride,  whilst,  with 
an  excess  of  sulphuric  acid,  the  potassium  permanganate  is  converted 
into  manganous  sulphate,  MnSO^,  so  that  the  ultimate  oxidation 
will  be  expressed  by  the  equation:  5C,2H20.i  +  2MnK04 +  3H2SO4 
=  10002 +  K2S04  +  2MnS04  +  8H20.  The  influence  of  the  relative 
amount  of  sulphuric  acid  is  seen  from  the  annexed  table,  which  gi\'es 
the  n:easure  of  reaction  7)  per  100  parts  of  potassium  permanganate, 
taken  four  minutes  after  mixing,  using  n  molecules  of  sulphuric  acid, 
H.,S04,  per  2KMn04  +  5C2H.,04  : 

«,  =  2  4  6  8         12         16         22 

p  =22  36         51         63         77         86         92 

showing  that  in  a  given  time  (1  minutes)  the  oxidation  is  the  more 
perfect  the  greater  the  amount  of  sulphuric  acid  taken  for  given  amounts 
of  KMn04  and  C2H2O4.  It  is  obvious  also  that  the  temperature  and 
relative  amount  of  every  one  of  the  acting  and  resulting  substances 
should  show  its  influence  on  the  relative  velocity  of  reaction  ;  thus,  for 
instance,  direct  experiment  showed  the  influence  of  the  admixture 
of  manganous  sulphate.  When  a  large  proportion  of  oxalic  acid  (108 
molecules)  was  taken  to  a  large  mass  of  water  and  to  2  molecules  of 
permanganate  14  molecules  of  manganous  sulphate  were  added,  the 
quantity  x  of  the  potassium  permanganate  acted  on  (in  percentages 
of  the  potassium  permanganate  taken)  in  t  minutes  (at  16°)  was  as 
follows  : 

t=2         5         8         11         14         44         47         53         61         68 
a;=  5-2    12-1    18-7      25-1      31-3      68-4      71-7      75-8      79-8      83-0 

These  figures  show  that  the  rate  of  reaction — that  is,  the  quantity  of 
permanganate  changed  in  one  minute — decreases  proportionally  to  the 
decrease  in  the  amount  of  unchanged  potassium  permanganate.     At  the 

different  meaning  in  chemistry  from  what  it  has  in  mechanics.  Their  only  common  factor 
is  time.  If  dt  be  the  increment  of  time  and  dx  the  quantity  of  a  substance  changed  in 
this  space  of  time,  then  the  fraction  (or  quotient)  dx'dt  will  express  the  rate  of  the 
reaction.  The  natural  conclusion,  come  to  both  byHarcourt  and  Esson,  and  previously  to 
them  (1850)  by  Wilhelmj  (who  investigated  the  rate  of  conversion,  or  inversion,  of  sugar 
in  its  passage  into  glucose),  consists  in  establishing  that  this  velocity  is  proportional  to 
the  quantity  of  substances  still  unchanged — i.e.  that  dx'dt  =  C(k  —  x),  where  C  is  a 
constant  coefficient  of  proportionality,  and  where  A  is  the  quantity  of  a  substance  taken 
for  reaction  at  the  moment  when  <  =  0  and  a;  =  0— that  is,  at  the  beginning  of  the 
experiment,  from  which  the  time  t  and  quantity  x  of  substance  changed  is  counted. 
On  integrating  the  preceding  equation  we  obtain  log(A/A  — 3")-=^-^,  where  h  is  a  new 
constant,  if  we  take  ordinary  (and  not  natural)  logarithms.  Hence,  knowing  A,  x,  and  t, 
for  each  reaction,  we  find  Ic,  and  it  proves  to  be  a  constant  quantity.  Thus  from  the 
figures  cited  in  the  text  for  the  reaction  2KMnO.i  +  108C2H2O4  +  liiyinSOi,  it  may  be 
calculated  that  h  =  0-01U\  for  example,  i  =  U,  a;  =  68-4  (A  =  100),  whence  /ci  =  0-5004  and 
*  =  0-0114,  (see  also  Chapter  XIV,,  Note  3,  and  Chapter  XXVII.,  Note  25  bis). 
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commencement,  about  2 '6  per  cent,  of  the  salt  taken  was  decomposed  in 
the  course  of  one  minute,  whilst  after  an  hour  the  rate  was  about 
O'o  per  cent.  The  same  phenomena  are  observed  in  everj  case  which 
has  been  investigated,  and  this  branch  of  theoretical  or  physical 
chemistry,  now  studied  by  many,'-'  promises  to  explain  the  course  of 
chemical  transformations  from  a  fresh  point  of  view,  which  is  closely 
allied  to  the  doctrine  of  affinity,  because  the  rate  of  reaction,  without 
doubt,  is  connected  with  the  magnitude  of  the  affinities  acting  between 
the  reacting  substances. 

-'  The  researches  made  by  Hood,  Van't  Hoff,  Ostwald,  Warder,  Meiischutkin,  Kono- 
valoff,  and  others  have  a  particular  significance  in  this  direction.  Owing  to  the  com- 
parative novelty  of  this  subject,  and  the  absence  of  applicable  as  well  as  indubitable 
deductions,  I  consider  it  impossible  to  enter  into  this  province  of  theoretical  chemistry, 
although  I  am  quite  confident  that  its  development  should  lead  to  very  important  results, 
especially  in  respect  to  chemical  equilibria,  for  Van't  Hoff  has  already  shown  that 
the  limit  of  reaction  in  reversible  reactions  is  determined  by  the  attainment  of  equal 
velocities  for  the  opposite  reactions. 
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CHAPTER  XXII 

IRON,    COBALT,    AND    NICKEL 

Judging  from  the  atomic  weights,  and  the  forms  of  the  higher  oxides 
of  the  elements  already  considered,  it  is  easy  to  form  an  idea  of 
the  seven  groups  of  the  periodic  system.  Such  are,  for  instance,  the 
typical  series  Li,  Be,  B,  C,  N,  O,  F,  or  the  third  series,  Na,  Mg,  Al,  Si, 
P,  S,  CI.  The  seven  usual  types  of  oxides  from  R.fi  to  R2O7  correspond 
with  them  (Chapter  XV.)  The  position  of  the  eighth  group  is  quite 
separate,  and  is  determined  by  the  fact  that,  as  we  have  already  seen, 
in  each  group  of  metals  having  a  greater  atomic  weight  than  potassium 
a  distinction  ought  to  be  made  between  the  elements  of  the  even  and 
uneven  series.  The  series  of  even  elements,  commencing  with  a 
strikingly  alkaline  element  (potassium,  rubidium,  caesium),  together  with 
the  uneven  series  following  it,  and  concluding  with  a  haloid  (chlorine, 
bromine,  iodine),  forms  a  large  period,  the  properties  of  whose  members 
repeat  themselves  in  other  similar  periods.  The  elements  of  the  eighth 
group  are  situated  between  the  elements  of  the  even  series  and  the  ele- 
ments of  the  uneven  series  following  them.  And  for  this  reason  elements 
of  the  eighth  group  are  found  in  the  middle  of  each  large  period.  The 
properties  of  tlie  elements  belonging  to  it,  in  many  respects  independent 
and  striking,  are  shown  with  typical  clearness  in  the  case  of  iron,  the 
well-known  representative  of  this  group. 

Iron  is  one  of  those  elements  which  are  not  only  widely  diffused  in 
the  crust  of  the  earth,  but  also  throughout  the  entire  universe.  Its 
oxides  and  their  various  compounds  are  found  in  the  most  diverse 
portions  of  the  earth's  crust ;  but  here  iron  is  always  found  combined 
with  some  other  element.  Iron  is  not  found  on  the  earth's  surface  in 
a  free  state,  because  it  easily  oxidises  under  the  action  of  air.  It  is 
occasionally  found  in  the  native  state  in  meteorites,  or  aerolites,  which 
fall  upon  the  earth. 

Meteoric  iron  is  formed  outside  the  earth.'  Meteorites  are  fragments 
which  are  carried  round  the  sun  in  orbits,  and  fall   upon  the   earth 

^  The  composition  of  meteoric  iron  is  variable.     It  generally  contains  nickel,  phos- 
phorus, carbon,  &c.     The  schreibersite  of  meteoric  stones  contains  Fe^Ni^P. 
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when  coming  into  proximity  with  it  during  their  motion  in  space.  The 
meteoric  dust,  on  passing  through  the  upper  parts  of  the  atmosphere, 
and  becoming  incandescent  from  friction  with  the  gases,  produces  that 
phenomenon  which  is  famihar  under  the  name  of  falling  stars.^     Such  is 

'  Comets  and  the  rings  of  Saturn  ought  now  to  be  considered,  as  consisting  of  an 
accumulation  of  such  meteoric  cosmic  particles.  Perhaps  the  part  ph\yed  hy  these 
minute  bodies  scattered  throughout  space  is  much  more  important  in  the  formation 
of  tlie  Uirgest  celestial  bodies  thau  has  hitherto  been  imagined.  The  investigation  of 
this  branch  of  astronomy,  due  to  Schiaparelli,  has  u  bearing  on  the  whole  of  natural 
science. 

The  question  arises  as  to  why  the  iron  in  meteorites  is  in  a  free  state,  whilst  on  earth 
it  is  in  a  state  of  combination.  Does  not  this  tend  to  show  that  the  condition  of  our 
globe  is  very  different  from  that  of  the  rest?  My  answer  to  this  question  has  been 
already  given  in  Volume  I.  p.  377,  Note  57.  It  is  my  opinion  that  inside  the  earth  there 
is  a  mass  similar  in  composition  to  meteorites — that  is,  containing  rocky  matter  and 
metallic  iron,  partly  carburetted.  In  conclusion,  I  consider  it  will  not  be  out  of  place 
to  add  the  following  explanations.  According  to  the  theory  of  the  distribution  of  pres- 
sures (see  my  treatise,  On  Barometrical  Levelling,  1S7I'>,  pages  48  ct  seq.)  in  an  atmo- 
sphere of  mixed  gases,  it  follows  that  two  gases,  whose  densities  are  d  and  di,  and  whose 
relative  quantities  or  partial  pressures  at  a  certain  distance  from  the  centre  of  gravity 
are  h  and  hi,  will,  when  at  a  greater  distance  from  the  centre  of  attraction,  present  a 
different  ratio  of  their  masses  x  :  .i\ — that  is,  of  their  partial  pressures — which  may  be 
found  by  the  equation  f^i{log  7t  — log  a^)  =  fZ(log /^i  — log  x^).  If,  for  instance,  d  :di  =  2:l, 
and  }i  =  hi  (that  is  to  say,  the  masses  are  equal  at  the  lower  height)  =  1000,  then  when 
j;  =  10  the  magnitude  of  x^  will  not  be  10  {i.e.  the  mass  of  a  gas  at  a  higher  level  whose 
density  =1  will  not  be  equal  to  the  mass  of  a  gas  whose  density  =2,  as  was  the  case  at 
a  lower  level),  but  much  greater — namely,  j:i=100 — that  is,  the  lighter  gas  will  pre- 
dominate over  a  heavier  one  at  a  higher  level.  Therefore,  when  the  whole  mass  of  the 
earth  was  in  a  state  of  vapour,  the  substances  having  a  greater  vapour  density  accumu- 
lated about  the  centre  and  those  with  a  lesser  vapour  density  at  the  surface.  And  as 
the  vapour  densities  depend  on  the  atomic  and  molecular  weights,  those  substances  which 
have  small  atomic  and  molecular  weights  ought  to  have  accumulated  at  the  surface,  and 
those  with  high  atomic  and  molecular  weights,  which  are  the  least  volatile  and  tlie  easiest 
to  condense,  at  the  centre.  Thus  it  becomes  apparent  why  such  light  elements  as 
hydrogen,  carbon,  nitrogen,  oxygen,  sodium,  magnesium,  aluminium,  silicon,  phosphorus, 
sulphur,  chlorine,  potassium,  calcium,  and  their  compounds  predominate  at  the  surface 
and  largely  form  the  earth's  crust.  There  is  also  now  much  iron  in  the  sun,  as  spectrmn 
analysis  shows,  and  therefore  it  must  have  entered  into  the  composition  of  the  earth 
and  other  planets,  but  would  have  accumulated  at  the  centre,  because  the  density  of 
its  vapour  is  certainly  large  and  it  easily  condenses.  There  was  also  oxygen  near  the 
centre  of  the  earth,  but  not  sufficient  to  combine  with  the  iron.  The  former,  as  a  much 
lighter  element,  principally  accumulated  at  the  surface,  where  we  at  the  present  time 
find  all  oxidised  compounds  and  even  a  remnant  of  free  oxygen.  This  gives  the 
possibility  not  only  of  explaining  in  accordance  with  cosmogonic  theories  tbe  pre- 
4oniinance  of  oxygen  compounds  on  the  surface  of  the  earth,  with  the  occurrence  of 
unoxidised  iron  in  the  interior  of  the  earth  and  in  meteorites,  but  also  of  understanding 
why  the  density  of  the  whole  earth  (over  5)  is  far  greater  than  that  of  the  rocks  (1  to  3) 
composing  its  crust.  And  if  all  the  preceding  arguments  and  theories  (for  instance 
the  supposition  that  the  sun,  earth,  and  all  the  planets  were  formed  of  an  elementary 
homogeneous  mass,  formerly  composed  of  vapours  and  gases)  be  true,  it  must  be  ad- 
mitted that  the  interior  of  the  earth  and  other  planets  contains  metallic  (unoxidised)  iron, 
which,  however,  is  only  found  on  the  surface  as  aerolites.  And  then  assuming  that 
aerolites  are  the  fragments  of  planets  which  have  crumbled  to  pieces  so  to  say 
during  cooling  (this  has  been  held  to  be  the  case  by  astronomerSj  judging  from  the  paths 
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the  doctrine  concerning  meteorites,  and  therefore  the  fact  of  their 
containing  rooky  (siliceous)  matter  and  metallic  iron  shows  that  outside 
the  earth  the  elements  and  their  aggregation  are  in  some  degree  the 
same  as  upon  the  earth  itself. 

The  most  widely  diffused  terrestrial  compound  of  iron  is  iron 
bisulphide,  FeS,,  or  iron  pyrites.  It  occurs  in  formations  of  both 
aqueous  and  igneous  origin,  and  sometimes  in  enormous  masses.  It  is 
a  substance  having  a  greyish-yellow  colour,  with  a  metallic  lustre,  and  a 
specific  gravity  of  5-0  ;  it  crystallises  in  the  regular  system. ^i"!* 

The  oxides  are  the  principal  ores  used  for  producing  metallic  iron. 
The  majority  of  the  ores  contain  ferric  oxide,  FejOj,  either  in  a 
free  state  or  combined  with  water,  or  else  in  combination  with  ferrous 
oxide,  FeO.  The  species  and  varieties  of  iron  ores  are  numerous  and 
diverse.  Ferric  oxide  in  a  separate  form  appears  sometimes  as  crystals 
of  the  rhombohedric  system,  having  a  metallic  lustre  and  greyish  steel 
colour  ;  they  are  brittle,  and  form  a  red  powder,  specific  gravity  about 
5'25.  Ferric  oxide  in  type  of  oxidation  and  properties  resembles 
alumina  ;  it  is,  however,  although  with  difficulty,  soluble  in  acids  even 
when  anhydrous.  The  crystalline  oxide  bears  the  name  of  specular 
iron  ore,  but  ferric  oxide  most  often  occurs  in  a  non-crystalline  form, 
in  masses  having  a  red  fracture,  and  is  then  known  as  red  lui'mat'de. 
In  this  form,  however,  it  is  rather  a  rare  ore,  and  is  principally  found 
in  veins.     The  hydrates  of  ferric    oxide,  ferric  hydroxides,'  are  most 

of  aerolites),  it  is  readily  understood  why  they  should  be  composed  of  metallic 
iron,  and  this  would  e.Kplain  its  occurrence  in  the  depths  of  the  earth,  which  we 
assumed  as  the  basis  of  our  theory  of  the  formation  of  naphtha  (Chapter  VIII.,  Notes 
57-60). 

2  bis  Immense  deposits  of  iron  pyrites  are  known  in  various  parts  of  Russia.  On  the 
river  Msta,  near  Borovitsi,  thousands  of  tons  are  yearly  collected  from  the  detritus  of 
the  neighbouring  rocks.  In  the  Governments  of  Toula,  Riazan,  and  in  the  Donets  district 
continuous  layers  of  pyrites  occur  among  the  coal  seams.  Very  thick  beds  of  pyrites 
are  also  known  in  many  parts  of  the  Caucasus.  But  the  deposits  of  the  Urals  are  par- 
ticularly vast,  and  have  been  worked  for  a  long  time.  Amongst  these  I  will  only  indicate 
the  deposits  on  the  Soymensky  estate  near  the  Kishteimsky  works;  the  Kaletinsky 
deposits  near  the  Virhny-Isetsky  works  (containing  1-2  p.c.  Cu) ;  on  the  banks  of  the 
river  Koushaivi  near  Koushvi  (3-5  p.c.  Cu),  and  the  deposits  near  the  Eogoslovsky 
works  (3-5  p.c.  Cu).  Iron  pyrites  (especially  that  containing  copper  which  is  extracted 
after  roasting)  is  now  chiefly  employed  for  roasting,  as  a  source  of  SO.,  for  the  manufac- 
ture of  chamber  sulphuric  acid  (Vol.1,  p.  291),  but  the  remaining  oxide  of  iron  is  per- 
fectly suitable  for  smelting  into  pig  iron,  although  it  gives  a  sulphurous  pig  iron  (the 
sulphur  may  be  easily  removed  by  subsequent  treatment,  especially  with  the  aid  of 
ferro-manganese  in  Bessemer's  process).  The  great  technical  importance  of  iron  pyrites 
leads  to  its  sometimes  being  imported  from  great  distances ;  for  instance,  into  England 
from  Spain.  Besides  which,  when  heated  in  closed  retorts  FeS.^  gives  sulphur,  and  if 
allowed  to  oxidise  in  damp  air,  green  vitriol,  FeSCj. 

^  The  hydrated  ferric  oxide  is  found  in  nature  in  a  dual  form.  It  is  somewhat  rarely 
met  with  in  the  form  of  a  crystalline  mineral  called  gothite,  whose  specific  gravity  is  i'4 
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often  found   in    aqueous    or  stratified  formations,  and  are  known  as 
hroH-n  Jicfmrititi'K  ;  they  generally  have  a  brown  colour,  form  a  yellowish- 
brown  powder,  and  have  no  metallic  lustre  but  an  earthy  appearance. 
The}-  easily  dissolve  in  acids  and  diffuse  through  other  formations,  espe- 
cially clays  (for  instance,  ochre)  ;  they  sometimes  occur  in  reniforin  and 
similar  masses,  evidently  of  aqueous  origin.     Such  are,  for  instance, 
the  so-called  bog  or  lake  and  peat  ores  found  at  the  bottom  of  marshes 
and  lakes,  and  also  under  and  in  peat  beds.     This  ore  is  formed  from 
water  containing  ferrous  carbonate  in  solution,  which,  after  absorbing 
oxygen,  deposits  ferric  hydroxide.     In  rivers  and  springs,  iron  is  found 
in    solution    as    ferrous    carbonate    through   the    agency    of    carbonic 
acid  :    hence    the    existence  of  chalybeate  springs  containing  FeCO.,. 
This  ferrous  carbonate,  or  sii?<')-ite.  is  either  found  as  a  non-crystalline 
product   of  evidently  aqueous  origin,  or  as  a  crystalline    spar   called 
spathic  iron  oxe.     The  reniform  deposits  of  the  former  are  most  re- 
markable ;  they  are  called  spheroside rites,  and  sometimes  form  whole 
strata    in    the    Jurassic     and     carboniferous    formations.       JI<(i/ni'fio 
iron  ore,  Fe^Oj  =  FeO,Fe,03,  in  "virtue   of   its    purity    and  practical 
uses,  is  a  very  important  ore  ;  it  is  a  compound  of  the  ferrous  and 
ferric    oxides,    is    naturally   magnetic,    has    a    specific   gravity'  of  .t'1, 
crystallises  in  well-formed  crystals  of  the  regular  system,  is  with  diffi- 
cult}"  soluble  in  acids,  and  sometimes  forms  enormous  masses,  as,  for 
instance.  Mount  Blagodat  in  the  Ural.     However,  in  most  cases — for 
instance,  at  Korsak-Mogila  (to  the  north  of  Berdiansk  and  Xogaiska, 
near  the  Sea  of  Azov),  or  at  Krivoi  Eog  (to  the  west  of  Ekaterinoslav) — 
the  magnetic  iron  ore  is  mixed  with  other  iron  ores.     In  the  Urals,  the 
Caucasus  (without  mentioning  Siberia),  and  in  the  districts  adjoining  the 
basin  of  the  Don,  Russia  possesses  tlie  richest  iron  ores  in  the  world. 
To  the  south  of  Moscow,  in    the  Governments    of  Toula   and   Xijni- 
novgorod,  in  the  Olonetz  district,  and  in  the  Government  of  Orloffsky 
(near  Zinovieff  in  the  district  of  Kromsky),  and  in  many  other  places, 
there  are  likewise  abundant  supplies  of  iron  ores  amongst  the  deposited 
aqueous  formations  ;    the  siderite  of  Orloffsky,    for   instance,    is   dis- 
tinguished by  its  great  purity.' 

and  composition  Fe,H.^04,  or  FeHO.^ — that  is,  one  of  oxide  of  iron  to  one  of  watei', 
Fe^OjiILjO ;  frequently  found  as  brown  ironstone,  forming  a  dense  mass  of  fibrous,- 
renifonn  deposits  containing  2Fe.jO-„3H^O — that  is,  ha'^-ing  a  composition  Fe4H,,0().  In 
bog  ore  and  other  simihir  ores  we  most  often  find  a  mixture  of  this  hydrated  ferric  oxide 
with  clay  and  other  impurities.  Tlie  specific  gravity  of  such  formations  is  rarely  as  high 
as  40. 

^  The  ores  of  iron,  similarly  to  all  substances  extracted  from  veins  and  deposits,  are 
worked  according  to  mining  practice  by  means  of  vertical,  horizontal,  or  inclined 
shafts  which  reach  and  penetrate  the  veins  and  strata  containing  the  ore  deposits. 
The  mass  of  ore  excavated  is  raised  to  the  surface,  then  sorted  either  by  hand  or  else  hi 
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Iron  is  also  found  in  the  form  of  various  other  compounds — for 
instance,  in  certain  silicates,  and  also  in  some  phosphates  ;  but  these 
forms  are  comparatively  rare  in  nature  in  a  pure  state,  and  have  not 
the  industrial  importance  of  those  natural  compounds  of  iron  pre- 
viously mentioned.  In  small  quantities  iron  enters  into  the  composi- 
tion of  every  kind  of  soil  and  all  rocky  formations.  As  ferrous  oxide, 
FeO,  is  isomorphous  with  magnesia,  and  ferric  oxide,  FcjOg,  with 
alumina,  isomorphous  substitution  is  possible  here,  and  hence  minerals 
are  not  unfrequently  found  in  which  the  quantity  of  iron  varies  con- 
siderably ;  such,  for  instance,  are  pyroxene,  amphibole,  certain  varieties 
of  mica,  ifec.  Although  much  iron  oxide  is  deleterious  to  the  growth  of 
vegetation,  still  plants  do  not  flourish  without  iron  ;  it  enters  as  an 
indispensable  component  into  the  composition  of  all  higher  organisms  ; 
in  the  ash  of  plants  we  always  find  more  or  less  of  its  compounds.  It 
also  occurs  in  blood,  and  forms  one  of  the  colouring  matters  in  it  ; 
100  parts  of  the  blood  of  the  highest  organisms  contain  about  0'05  of  iron. 

The  reduction  of  the  ores  of  iron  into  metallic  iron  is  in  prin- 
ciple very  simple,  because  when  the  oxides  of  iron  are  strongly  heated 
with  charcoal,  hydrogen,  carbonic  oxide,  and  other  reducing  agents,'' 
they   easily  give   metallic   iron.     But   the    matter    is    rendered   more 

special  sorting  apparatus  (generally  acting  with  water  to  wash  the  ore),  and  is  subjected 
to  roasting  and  other  treatment.  In  every  case  the  ore  contains  foreign  matter.  In  the 
extraction  of  iron,  which  is  one  of  the  cheapest  metals,  the  dressing  of  an  ore  is  in  most 
cases  unprofitable,  and  only  ores  rich  in  metal  are  worked — namely,  those  containing  at 
least  20  p.c.  It  is  often  profitable  to  transport  very  rich  and  pure  ores  (with  as  much  as 
70  p.c.  of  iron)  from  long  distances.  The  details  concerning  the  working  and  extraction 
of  metals  will  be  found  in  special  treatises  on  metallurgy  and  mining. 

^  The  reduction  of  iron  oxides  by  hydrogen  belongs  to  the  order  of  reversible  re- 
actions (Chapter  II.),  and  is  therefore  determined  by  a  limit  which  is  here  expressed 
by  the  attainment  of  the  same  pressure  as  in  the  ease  where  hydrogen  acts  on  iron 
oxides,  and  as  in  the  case  where  (at  the  same  temperature)  water  is  decomposed  by 
metallic  iron.  The  calculations  referring  to  this  matter  were  made  by  Henri  Sainte-Claire 
Deville  (1870).  Spongy  iron  was  placed  in  a  tube  having  a  temperature  t,  one  end  of 
which  was  connected  with  m,  vessel  containing  water  at  0°  (vapour  tension  =  4"6  nun.) 
and  the  other  end  with  a  mercury  pump  and  pressure  gauge  which  determined  the 
limiting  tension  attained  by  the  dry  hydrogen  p  (subtracting  the  tension  of  the  water 
vapour  from  the  tension  observed).  A  tube  was  then  taken  containing  an  excess  of  iron 
oxide.  It  was  filled  with  hydrogen,  and  the  tension  pi  observed  of  the  residual  hydrogen 
when  the  water  was  condensed  at  0°. 

t  = 

P  = 

Pi  = 

The  equality  of  the  pressure  (tension)  of  the  hydrogen  in  the  two  oases  is  evident.  The 
hydrogen  here  behaves  like  the  vapour  of  iron  or  of  its  oxide. 

By  taking  ferric  oxide,   Fe^O^,    Moissan  observed  that    at   350"    it    passed    into 

magnetic  oxide,  Fe304,  at  500°  into  ferrous  oxide,  FeO,  and  at  600°   into  metalho  iron. 

Wright  and  Lufi  (1878),  whilst  investigating  the  reduction  of  oxides,  found  that  (a)  the 

temperature  of  reaction  depends  on  ,the  condition  of  the  oxide  taken — for  instance, 
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difficult  by  the  fact  tlicat  the  iron  does  not  melt  at  the  heat  developed 
by  the  combustion  o£  the  charcoal,  and  therefore  it  does  not  separate 
from  those  mechanically  mixed  impurities  which  are  found  in  the  iron 
ore.  This  is  obviated  by  the  following  very  remarkable  property  of 
iron  :  at  a  high  temperature  it  is  capable  of  combining  with  a  ^mall 
quantity  (from  2  to  5  p.c  )  of  carbon,  and  then  forms  cast  iro??,  which 
easily  melts  in  the  heat  developed  by  the  combustion  of  charcoal  in  air. 
For  this  reason  metallic  iron  is  not  obtained  directly  from  the  ore,  but 
is  only  formed  after  the  further  treatment  of  the  cast  iron  ;  the  first 
product  extracted  from  the  ore  being  cast  iron.  The  fused  mass  dis- 
poses itself  in  the  furnace  below  the  slag — that  is,  the  impurities  of  the 
ore  fused  by  the  heat  of  the  furnace.  If  these  impurities  did  not  fuse 
they  would  block  up  the  furnace  in  which  the  ore  was  being  smelted, 
and  the  continuous  smelting  of  the  cast  iron  would  not  be  possible  ;  ^ 
it  would  be  necessary  periodically  to  cool  the  furnace  and  heat  it  up 
again,  whicli  means  a  wasteful  expenditure  of  fuel,  and  hence  in  the 
production  of  cast  iron,  the  object  in  view  is  to  obtain  all  the  earthy 
impurities  of  the  ore  in  the  shape  of  a  fused  mass  or  slag.  Only 
in  rare  cases  does  the  ore  itself  form  a  mass  which  fuses  at  the 
temperature  employed,  and  these  cases  are  objectionable  if  much  iron 
oxide  is  carried  away  in  the  slag.  The  impurities  of  the  ores  most 
often  consist  of  certain  mixtures — for  instance,  a  mixture  of  clay  and 
sand,    or   a    mixture    of    limestone   and    cla}',  or    quartz,    ttc.     These 

precipitated  ferric  oxide  is  reduced  by  hydrogen  at  85°,  that  obtained  by  oxidising  the 
metal  or  from  its  nitrate  at  175°  ;  (b)  when  other  conditions  are  the  same,  the  reduction 
by  carbonic  oxide  commences  earlier  than  that  by  hydrogen,  and  the  reduction  by 
hydrogen  still  earlier  than  tliat  by  charcoal ;  (c)  the  reduction  is  effected  with  greater 
facility  when  a  greater  quantity  of  heat  is  evolved  during  the  reactiou.  Ferric  oxide 
obtained  by  heating  ferrous  sulphate  to  a,  red  heat  begins  to  be  reduced  by  carbonic 
oxide  at  202°,  by  hydrogen  at  260°,  by  charcoal  at  430°,  whilst  for  magnetic  oxide,  Fe504, 
the  temperatiu-es  are  200^,  290^,  and  450°  respectively. 

^  The  primitive  methods  of  iron  manufacture  were  conducted  by  intermittent  pro- 
cesses in  hearths  resembling  smiths'  fires.  As  evidenced  by  the  uninterrupted  action 
of  the  steam  boiler,  or  the  process  of  lime  burning,  and  the  continuous  preparation  and 
condensation  of  sulphuric  acid  or  the  uninterrupted  smelting  of  iron,  every  industrial 
process  becomes  increasingly  profitable  and  complete  under  the  condition  of  the  con- 
tinuous action,  as  far  as  possible,  of  all  agencies  concerned  in  the  production.  This 
continuous  method  of  production  is  the  first  condition  for  the  profitable  production 
on  the  large  scale  of  nearly  all  industrial  products.  This  method  lessens  the  cost  of 
labour,  simplifies  the  supervision  of  the  work,  renders  the  product  uniform,  and  fre- 
quently introduces  a  very  great  economy  in  the  expenditure  of  fuel  and  at  the  same  time 
presents  the  simplicit^v  and  perfection  of  an  equilibrated  system.  Hence  every  manu- 
facturing operation  ^llould  be  a  continuous  one,  and  the  manufactui'e  of  pig  iron  and 
sulphuric  acid,  which  have  long  since  become  so,  may  be  taken  as  examples  in  many 
respects.  A  study  of  these  two  manufactures  should  form  the  commencement  of  on 
acquaintance  with  all  the  contemporary  methods  of  manufacturing  both  from  a  tech- 
nical and  economical  point  of  view. 
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impurities  do  not  separate  of  themselves,  or  do  not  fuse.  The  difficulty 
of  the  industry  lies  in  forming  an  easily-fusible  slag,  into  which  the 
whole  of  the  foreign  matter  of  the  ore  would  pass  and  flow  down  to  the 
bottom  of  the  furnace  above  the  heavier  cast  iron.  This  is  effected  by 
mixing  ceTta.in.  Jluxes  with  the  ore  and  charcoal.  A  flux  is  a  substance 
which,  when  mixed  with  the  foreign  matter  of  the  ore,  forms  a  fusible 
vitreous  mass  or  slag.  The  flux  used  for  silica  is  limestone  with  clay  ; 
for  limestone  a  definite  quantity  of  silica  is  used,  the  best  procedure 
having  been  arrived  at  by  experiment  and  by  long  practice  in  iron 
smelting  and  other  metallurgical  processes.' 

Thus  the  following  materials  have  to  be  introduced  into  the  furnace 
where  the  smelting  of  the  iron  ore  is  carried  on  :  (1)  the  iron  ore, 
composed  of  oxide  of  iron  and  foreign  matter  ;  (2)  the  flux  required  to 
form  a  fusible  slag  with  the  foreign  matter  ;  (3)  the  carbon  which  is 
necessary  (a)  for  reducing,  (b)  for  combining  with  the  reduced  iron 
to  form  cast  iron,  (c)  principally  for  the  purpose  of  combustion  and 
the  heat  generated  thereby,  necessary  not  only  for  reducing  the  iron 
and  transforming  it  into  cast  iron,  but  also  for  melting  the  slag,  as  well 
as  the  cast  iron — and  (4)  the  air  necessary  for  the  combustion  of  the 
charcoal.  The  air  is  introduced  after  a  preparatory  heating  in  order  to 
economise  fuel  and  to  obtain  the  highest  temperature.  The  air  is 
forced  in  under  pressure  by  means  of  a  special  blast  arrangement. 
This  permits  of  an  exact  regulation  of  the  heat  and  rate  of  smelting. 
All  these  component  parts  necessary  for  the  smelting  of  iron  must  be 
contained  in  a  vertical,  that  is,  shaft  furnace,  which  at  the  base  must 
have  a  receptacle  for  the  accumulation  of  the  slag  and  cast  iron  formed, 
in  order  that  the  operation  may  proceed  without  interruption.  The 
walls  of  such  a  furnace  ought  to  be  built  of  fireproof  materials  if  it  be 

'  The  composition  of  slag  suitable  for  iron  smelting  most  often  approaches  the 
following :  50  to  60  p.c.  SiO^,  5  to  20  AI2O,-.,  the  rest  of  the  mass  consisting  of  MgO, 
CaO,  MnO,  FeO.  Thus  the  most  fusible  slag  (according  to  the  observations  of 
Bodeman)  contains  the  alloy  AljO.-jlCaOjTSiO.,.  On  altering  the  quantity  of  magnesia 
and  lime,  and  especially  of  the  alkalis  (which  increases  the  fusibility)  and  of  silica 
(which  decreases  it),  the  temperature  of  fusion  changes  with  the  relation  between  the  total 
quantity  of  oxygen  and  that  in  the  silica.  Slags  of  the  composition;  RO,SiO,,  are  easily 
fusible,  have  a  vitreous  appearance,  and  are  very  common.  Basic  slags  approach  the 
composition  2E0,Si0.j.  Hence,  knowing  the  composition  and  quantity  of  the  foreign 
matter  in  the  ore,  it  is  at  once  easy  to  find  the  quantity  and  quality  of  the  flux  which 
must  be  added  to  form  a  suitable  slag.  The  smelting  of  iron  is  rendered  more  complex 
by  the  fact  that  the  silica,  SiO.^,  which  enters  into  the  slag  and  fluxes  is  capable  of  form- 
ing a  slag  with  the  iron  oxides.  In  order  that  the  least  quantity  of  iron  may  pass  into 
the  slag,  it  is  necessary  for  it  to  be  reduced  before  the  temperature  is  attained  at  which 
the  slags  are  formed  (about  1000°),  which  is  effected  by  reducing  the  iron,  not  with  char- 
coal itself,  but  with  carbonic  oxide.  From  this  it  will  be  understood  how  the  progress  of 
the  whole  treatment  may  be  judged  by  the  properties  of  the  slags.  Details  of  this 
complicated  and  well-studied  subject  will  be  found  in  works  on  metallurgy. 
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designed  to  serve  for  the  continuous  production  of  cast  iron  by  charging 
the  ore,  fuel,  and  flux  into  the  mouth  of  the  furnace,  forcing  a  blast  of 
air  into  the  lower  pai't,  and  running  out  the  molten  iron  and  slag  from 
below.  The  whole  operation  is  conducted  in  furnaces  known  as  hlai^t 
furnaces.  The  annexed  illustration,  fig.  93  (which  is  taken  by  kind 
permission  from  Thorpe's  Dictionary  of  Applied  Chemistry),  represents 
the  vertical  section  of  such  a  furnace.  These  furnaces  are  generally 
of  large  dimensions — varying  from  50  to  90  feet  in  height.  They  are 
sometimes  built  against  rising  ground  in  order  to  afford  easy  access  to 
the  top  where  the  ore,  fl.ux,  and  charcoal  or  coke  are  charged/ 

s  The  section  of  a  blast  furnace  is  represented  by  two  truncated  cones  joined  at  tlieir 
bases,  the  upper  cone  being  longer  than  the  lower  one  ;  the  lower  cone  is  terminated  by 
the  hearth,  or  almost  cylindrical  cavity  in  which  the  cast  iron  and  slag  collect,  one 
side  being  provided  with  apertures  for  drawing  off  the  iron  and  slag.  The  air  is  blown 
into  the  blast  furnace  -through  special  pipes,  situated  over  the  hearth,  as  shown  in  the 
section.  The  air  previously  passes  through  a  series  of  cast-iron  pipes,  heated  by  the 
combustion  of  the  carbonic  oxide  obtained  from  the  upper  parts  of  the  fui'uace,  where 
it  is  formed  as  in  a  '  gas-producer.'  The  blast  furnace  acts  continuously  until  it  is  worn 
out ;  the  iron  is  tapped  off  twice  a  day,  and  the  furnace  is  allowed  to  cool  a  little  from 
time  to  time  so  as  not  to  be  spoilt  by  the  increasing  heat,  and  to  enable  it  to  withstand 
long  usage. 

Blast  furnaces  worked  with  charcoal  fuel  are  not  so  high,  and  in  general  give  a 
smaller  yield  than  those  using  coke,  because  the  latter  are  worked  with  heavier  charges 
than  those  in  which  charcoal  is  employed.  Coke  furnaces  yield  20,000  tons  and  over  of  pig 
iron  a  year.  In  the  United  States  there  are  blast  furnaces  30  metres  high,  and  upwards 
of  600  cubic  metres  capacity,  yielding  as  much  as  130,000  tons  of  pig  iron,  requiring  a  blast 
of  about  750  cubic  metres  of  air  per  minute,  heated  to  600°,  and  consuming  about  0"85 
part  of  coke  per  1  part  of  pig  iron  produced.  At  the  i^resent  time  the  world  produces  as 
much  as  30  million  tons  of  pig  iron  a  year,  about  j*^  of  wliich  is  converted  into  wrought 
iron  and  steel.  The  chief  producers  are  the  United  States  (about  10  million  tons  a  year) 
and  England  (about  9  million  tons  a  year) ;  Russia  yields  about  \\  million  tons  a  year. 
The  world's  production  has  doubled  during  the  last  20  years,  and  in  this  respect  the 
United  States  have  outrun  all  other  countries.  The  reason  of  this  increase  of  production 
must  be  looked  for  in  the  increased  demand  for  iron  and  steel  for  railway  purposes,  for 
structures  (especially  ship-building),  and  in  the  fact  that :  (a)  the  cost  of  pig  iron  has 
fallen,  thanks  to  the  erection  of  large  fui'uaces  and  a  fuller  study  of  the  processes  taking 
place  in  them,  and  (&)  that  every  kind  of  iron  ore  (even  sulphurous  and  phosphoritic)  can 
now  be  converted  into  a  homogeneous  steel. 

In  order  to  more  thorouglily  grasp  the  chemical  process  which  takes  place  in  blast 
furnaces,  it  is  necessary  to  follow  the  course  of  the  material  charged  in  at  the  top  and  of 
the  air  passing  through  the  furnace.  From  50  to  200  parts  of  carbon  are  expended  on  100 
parts  of  iron.  The  ore,  flux,  and  coke  are  charged  into  the  top  of  the  furnace,  in 
layers,  as  the  cast  iron  is  formed  in  the  lower  parts  and  flowing  down  to  the  bottom 
causes  the  whole  contents  of  the  furnace  to  subside,  thus  forming  an  empty  space  at 
the  top,  which  is  again  filled  up  with  the  afore- mentioned  mixture.  During  its  down- 
ward course  this  mixtui'e  is  subjected  to  increasing  heat.  This  rise  of  temperature 
first  drives  off  the  moisture  of  the  ore  mixture,  and  then  leads  to  the  formation  of 
the  products  of  the  dry  distillation  of  coal  or  charcoal.  Little  by  little  the  subsiding 
mass  attains  a  temperature  at  which  the  heated  carbon  reacts  with  the  carbonic  anhydride 
passing  upwards  through  the  furnace  and  transforms  it  into  carbonic  oxide.  This  is 
the  reason  why  carbonic  anhydride  is  not  evolved  from  the  furnace,  but  only  carbonic 
oxide.  As  regards  the  ore  itself,  on  being  heated  to  about  600°  to  800°  it  is  reduced  at 
the  expense  of  the  carbonic  oxide  ascending  the  furnace,  and  formed  by  the  contact  of 
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The  cast  iron  formed  in  blast  furnaces  is  not  always  of  the  same 
quality.     When  slowly  cooled  it  is  soft,  has  a  grey  colour,  and  is  not 

the  carbonic  anhydride  with  the  incandescent  charcoal,  so  that  the  reduction  in  the  blast 
furnace  is  without  doubt  brought  about  6(/itheIformation  and  decomposition  of  carbonic 
oxide  and  not  by  carbon  itself — thus,  Fe205  +  3CO  =  Fe2  +  3C02.  The  reduced  iron,  on 
further  subsidence  and  contact  with  carbon,  forms  cast  iron,  wliich  flows  to  the  bottom 
of  the  furnace.     In  these  lower  layers,  where  the  temperature  is  highest  (about  1,300°), 


Fi&.  93. — Yertical  section  of  a  modern  Cleveland  blast  furnace  capable  of  proclueiug  300  to  1,000  tons 
of  pig  iron  weekly.  The  outer  casing  is  of  riveted  iron  plates,  the  furnace  being  lined  with  re- 
fractory fire-brick.  It  is  closed  at  the  top  by  a  '  cap  and  cone  '  aiTangement,  by  means  of  which 
the  charge  can  be  fed  into  the  furnace  at  suitable  intervals  by  lowering  the  moveable  cone. 

the  foreign  matter  of  the  ore  finally  forms  slag,  which  also  is  fusible,  with  the  aid  of 
fliixes.  The  air  blown  in  from  below,  through  the  so-called  tityereSy  encounters  carbon 
in  the  lower  layers  of  the  furnace,  and  burns  it,  converting  it  into  carbonic  anhydride. 
It  is  evident  that  this  develops  the  highest  temperature  in  these  lower  layers  of  the 
furnace,  because  here  the  combustion  of  the  carbon  is  effected  by  heated  and  compressed 
air.  This  is  very  essential,  for  it  is  by  virtue  of  this  high  temperature  that  the 
process   of  forming  the  slag  and  of  forming  and  fusing  the   cast  iron  are    effected 
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completely  soluble  in  acids.  When  treated  with  acids  a  residue  of 
graphite  remains  ;  it  is  known  as  grey  or  soft  cast  iron.  This  is  the 
general  form  of  the  ordinary  cast  iron  used  for  casting  various  objects, 
because  in  this  state  it  is  not  so  brittle  as  in  the  shape  of  white  cast 
iron,  which  does  not  leave  particles  of  graphite  when  dissolved,  but 
yields  its  carbon  in  the  form  of  hydrocarbons.  This  white  cast  iron 
is  characterised  by  its  whitish-grey  colour,  dull  lustre,  the  crystalline 
structure  of  its  fracture  (more  homogeneous  than  that  of  grey  iron),  and 
such  hardness  that  a  file  will  hardly  cut  it.  When  white  cast  iron  is 
produced  (from  manganese  ore)  at  high  temperatures  (and  with  an  ex- 
cess of  lime),  and  containing  little  sulphur  and  silica  but  a  considerable 
amount  of  carbon  (as  much  as  5  p.c),  it  acquires  a  coarse  crystalline 
structure  which  increases  in  proportion  to  the  amount  of  manganese, 
and  it  is  then  known  under  the  name  of  *  spiegeleisen '  (and  '  ferro- 
manganese  ').^ 

simultaneously  in  these  lower  portions  of  the  furnace.  The  carbonic  acid  formed  in 
these  parts  rises  higher,  encounters  incandescent  carbon,  and  forms  with  it  carbonic 
oxide.  This  heated  carbonic  oxide  acts  as  a  reducing  agent  on  the  iron  ore,  and  is  re- 
converted by  it  into  carbonic  anhydride ;  this  gas  meets  with  more  carbon,  and  agam 
forms  carbonic  oxide,  which  again  acts  as  a  reducing  agent.  The  final  transformation 
of  the  carbonic  anhydride  into  carbonic  oxide  is  effected  in  those  parts  of  the  furnace 
where  the  reduction  of  the  oxides  of  iron  does  not  take  place,  but  where  the  temperature 
is  still  high  enough  to  reduce  the  carbonic  anhydride.  The  ascending  mixture  of 
carbonic  oxide  and  nitrogen,  COq,  &c.,  is  then  withdrawn  through  special  lateral 
apertures  formed  in  the  upper  cold  parts  of  the  furnace  walls,  and  is  conducted  through 
pipes  to  those  stoves  which  are  used  for  heating  the  air,  and  also  aometimes  into  other 
furnaces  used  for  the  further  processes  of  iron  manufacture.  The  fuel  of  blast  furnaces 
consists  of  wood  charcoal  (this  is  the  most  expensive  material,  but  the  pig  iron  pro- 
duced is  the  purest,  because  charcoal  does  not  contain  any  sulphur,  ■n'hile  coke  does), 
anthracite  (for  instance,  in  Pennsylvania,  and  in  Russia  at  Pastouhoff's  works  in  the 
Don  district),  coke,  coal,  and  even  wood  and  peat.  It  must  be  borne  in  mind  that  the 
utilisation  of  naphtha  and  naphtha  refuse  would  probably  give  very  profitable  results 
in  metallurgical  processes. 

The  process  just  described  is  accompanied  by  a  series  of  other  processes.  Thus,  for 
instance,  in  the  blast  furnace  a  considerable  quantity  of  cyanogen  compounds  are  formed. 
This  takes  place  because  the  nitrogen  of  the  air  blast  comes  into  contact  with  incan- 
descent carbon  and  various  alkaline  matters  contained  in  the  foreign  matter  of  the  ores. 
A  considerable  quantity  of  potassium  cyanide  is  formed  when  wood  charcoal  is  employed 
for  iron  smelting,  as  its  ash  is  rich  in-  potash. 

^  The  specific  gravity  of  white  cast  iron  is  about  7'5.  Grey  cast  iron  has  a  much  lower 
specific  gravity,  namely,  7*0.  Grey  cast  iron  generally  contains  less  manganese  and 
more  silica  than  white ;  but  both  contain  from  2  to  3  p.C.  of  carbon.  The  difference 
between  the  varieties  of  cast  iron  depends  on  the  condition  of  the  carbon  which 
enters  into  the  composition  of  the  iron.  In  white  cast  iron  the  carbon  is  in  combination 
with  the  iron — in  all  probability,  as  the  compound  CPe4  (Abel  and  Osmond  and  others 
extracted  this  compound,  which  is  sometimes  called  '  carbide,'  from  tempered  steel, 
which  stands  to  uuannealed  steel  as  white  cast  iron  does  to  grey),  but  perhaps  in  the  state 
of  an  indefinite  chemical  compound  resembling  a  solution.  In  any  case  the  compound  of 
the  iron  and  carbon  in  white  cast  iron  is  chemically  very  unstable,  because  when  slowly 
cooled  it  decomposes,  with  separation  of  graphite,  just  as  a  solution  when  slowly  cooled 
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Cast  iron  is  a  material  which  is  either  suitable  for  direct  application 
for  casting  in  moulds  or  else  for  working  up  into  wrought  iron  and 
steel.  The  latter  principally  differ  from  cast  iron  in  their  containing 
less  carbon — thus,  steel  contains  from  1  p.c.  to  0-5  p.c.  of  carbon  and 
far  less  silicon  and  manganese  than  cast  iron  ;  wrought  iron  does 
not  generally  contain  more  than  0-25  p.c.  of  carbon  and  not  more  than 
0-25  p.c.  of  the  other  impurities.  Thus  the  essence  of  the  working  up 
of  cast  iron  into  steel  and  wrought  iron  consists  in  the  removal  of  the 
greater  part  of  the  carbon  and  other  elements,  S,  P,  Mu,  Si,  &c.  This 
is  effected  by  means  of  oxidation,  because  the  oxygen  of  the  atmosphere, 
oxidising  the  iron  at  a  high  temperature,  forms  solid  oxides  with  it  ; 
and  the  latter,  coming  into  contact  with  the  carbon  contained  in  the 
cast  iron,  are  deoxidised,  forming  wrought  iron  and  carbonic  oxide, 
which  is  evolved  from  the  mass  in  a  gaseous  form.  It  is  evident  that 
the  oxidation  must  be  carried  on  with  a  molten  mass  in  a  state  of 
agitation,  so  that  the  oxygen  of  the  air  may  be  brought  into  contact 
with  the  whole  mass  of  carbon  contained  in  the  cast  iron,  or  else  the 
operation  is  effected  by  means  of  the  addition  of  oxygen  compounds 
of  iron  (oxides,  ores,  as  in  Martin's  process).  Cast  iron  melts  much 
more  easily  than  wrought  iron  and  steel,  and,  therefore,  as  the  carbon 
separates,  the  mass  in  the  furnace  (in  puddling)  or  hearth  (in  the 
bloomery  process)  becomes  more  and  more  solid  ;  moreover  the  degree  of 
hardness  forms,  to  a  certain  extent,  a  measure  of  the  amount  of  carbon 
separated,  and  the  operation  may  terminate  either  in  the  formation  of 
steel  or  wrought  iron.'"  In  any  case,  the  iron  used  for  industrial  pur- 
yields  a  portion  of  the  substance  dissolved. ,  The  separation  of  carbon  in  the  form  of 
graphite  on  the  conversion  of  white  cast  iron  into  grey  is  never  complete,  however  slowly 
the  separation  be  carried  on ;  part  of  the  carbon  remains  in  combination  with  the 
iron  in  the  same  state  in  which  it  exists  in  white  cast  iron.  Hence  when  grey  cast  iron  is 
treated  with  acids,  the  whole  of  the  carbon  does  not  remain  in  the  form  of  graphite,  but  a 
part  of  it  is  separated  as  hydrocarbons,  which  proves  the  existence  of  chemically-combined 
carbon  in  grey  cast  iron.  It  is  sufficient  to  re-melt  grey  cast  iron  and  to  cool  it  quickly  to 
transform  it  into  white  cast  iron.  It  is  not  carbon  alone  that  influences  the  properties  of 
cast  iron ;  when  it  contains  a  considerable  amount  of  sulphur,  cast  iron  remains  white 
even  after  having  been  slowly  cooled.  The  same  is  observed  in  cast  iron  very  rich  in 
manganese  (5  to  7  p.c),  and  in  this  latter  case  the  fracture  is  very  distinctly  crystalline 
and  brilliant.  When  cast  iron  contains  a  large  amount  of  manganese,  the  quantity  of 
carbon  may  also  be  increased.  Crystalline  varieties  of  cast  iron  rich  in  manganese  are  in 
practice  called  ferro-manganese  (p.  810),  and  are  prepared  for  the  Bessemer  process. 
Grey  cast  iron  not  having  an  uniform  structure  is  much  more  liable  to  various  changes 
than  dense  and  thoroughly  uniform  white  cast  iron,  and  the  latter  oxidises  much  more 
slowly  in  air  than  the  former.  White  cast  iron  is  not  only  used  for  conversion  into  wrought 
iron  and  steel,  but  also  in  those  cases  where  great  hardness  is  required,  although  it  be  ac- 
companied by  a  certain  brittleness  ;  for  instance,  for  making  rollers,  plough- shares,  &c. 

^0  This  direct  process  of  separating  the  carbon  from  cast  iron  is  termed  puddling.  It 
is  conducted  in  reverberatory  fui-naces.  The  cast  iron  is  placed  on  the  bed  of  the 
furnace  and  melted  ;  through  a  special  aperture,  the  puddler  stirs  up  the  oxidising  mass 
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poses  contains  impurities.  Che^dcally  pure  iron  may  be  ol)tained  by 
precipitating  iron  from  a  solution  (a  mixture  of  ferrous  sulphate  with 

of  cast  iron,  pressing  the  oxides  into  the  molten  iron.  This  resembles  kneading  dough, 
and  the  process  introduced  in  England  became  known  as  puddling.  It  is  evident  that 
the  puddled  mass,  or  bloom,  is  a  heterogeneous  substance  obtained  by  mixing,  and 
hence  one  part  of  the  mass  will  still  be  rich  in  carbon,  another  will  be  poor,  some  parts 
will  contain  oxide  not  reduced,  Sec.  The  further  treatment  of  the  puddled  mass  consists 
in  hammering  and  drawing  it  out  into  flat  pieces,  which  on  being  hammered  become 
more  homogeneous,  and  when  several  pieces  are  welded  together  and  again  hammered 
out  a  still  more  homogeneous  mass  is  obtained.  The  quality  of  the  steel  and  iron  thus 
formed  depends  principally  on  their  uniformity.  The  want  of  uniformity  depends  on 
the  oxides  remaining  inside  the  mass,  and  on  the  variable  distribution  of  the  carbon 
tlu-oughout  the  mass.  In  order  to  obtain  a  more  homogeneous  metal  for  manufac- 
turing articles  out  of  steel,  it  is  di'awn  into  thin  rods,  which  are  tied  together  in 
"bundles  and  then  again  hammered  out.  As  an  example  of  what  may  be  attained  in  this 
direction,  imitation  Damascus  steel  may  be  cited ;  it  consists  of  twisted  and  plaited 
wire,  which  is  then  hammered  into  a  dense  mass.  (Real  damascened  wootz  steel 
may  be  made  by  melting  a  mixture  of  the  best  iron  with  graphite  (yV)  ^''^^  ii'O"  rust; 
the  article  is  then  corroded  with  acid,  and  the  carbon  remains  in  the  form  of  a  pattern.) 

Steel  and  wrought  iron  are  manufactured  from  cast  iron  by  puddling.  They  are,how- 
t^ver,  obtained  not  only  by  this  method  but  also  by  the  bloomei'y  process,  which  is  carried 
«ut  in  a  fire  similar  to  a  blacksmith's  forge,  fed  with  charcoal  and  provided  with  a  blast ; 
a  pig  of  cast  iron  is  gradually  pushed  into  the  fire,  and  portions  of  it  melt  and  fall  to  the 
bottom  of  the  hearth,  coming  into  contact  with  an  air  blast,  and  are  thus  oxidised.  The 
bloom  thus  formed  is  then  squeezed  and  hammered.  It  is  evident  that  this  process  is 
only  available  when  the  charcoal  used  in  the  fire  does  not  contain  any  foreign  matter 
which  might  injure  the  quality  of  the  iron  or  steel — for  instance,  sulphur  or  phosphorus 
— and  therefore  only  wood  charcoal  may  be  used  with  impunity,  from  which  it  follows 
that  this  process  can  only  be  carried  on  where  the  manufacture  of  iron  can  be  conducted 
with  this  fuel.  Coal  and  coke  contain  the  above-mentioned  impurities,  and  would 
therefore  produce  iron  of  a  brittle  nature,  and  thus  it  would  be  necessary  to  have 
recourse  to  puddling,  where  the  fuel  is  burnt  on  a,  special  hearth,  separate  from  the 
cast  iron,  whereby  the  impurities  of  the  fuel  do  not  come  into  contact  with  it.  The 
manufacture  of  steel  from  cast  iron  may  also  be  conducted  in  fires;  but,  in  addition  to 
this,  it  is  also  now  prepared  by  many  other  methods.  One  of  the  long-known  processes 
is  called  cemoitation^  by  which  steel  is  prepared  from  wrought  iron  but  not  from  cast 
iron.  For  this  process  strips  of  iron  are  heated  red-hot  for  a  considerable  time  whilst 
immersed  in  powdered  charcoal ;  during  this  operation  the  iron  at  the  surface  combines 
with  the  charcoal,  which  however  does  not  penetrate ;  after  this  the  iron  strips  are 
•e-forged,  drawn  out  again,  and  cemented  anew,  repeating  this  process  until  a  steel  of  the 
desired  quality  is  formed — that  is,  containing  the  requisite  proportion  of  carbon.  The 
JBessemer  process  occupies  the  front  rank  among  the  newer  methods  (since  1856)  ;  it 
is  so  called  from  the  name  of  its  inventor.  This  process  consists  in  running  melted 
cast  iron  into  converters  (holding  about  6  tons  of  cast  irou) — that  is,  egg-shaped 
receivers,  fig.  94,  capable  of  revolving  on  trunnions  (in  order  to  charge  in  the 
cast  iron  and  discharge  the  steel),  and  forcing  a  stream  of  air  through  small  apertures 
at  a  considerable  pressure.  Combustion  of  the  iron  and  carbon  at  an  elevated  tempera- 
ture then  takes  place,  resulting  from  the  bubbles  of  oxygen  thus  penetrating  the  mass 
of  the  cast  iron.  The  carbon,  however,  burns  to  a  greater  extent  than  the  iron,  and 
therefore  a,  mass  is  obtained  which  is  much  poorer  in  carbon  than  cast  iron.  As  the 
combustion  proceeds  very  rapidly  in  the  mass  of  metal,  the  temperature  rises  to  such  an 
extent  that  even  the  wrought  iron  which  may  be  formed  remains  in  a  molten  condition, 
whilst  the  steel,  being  more  fusible  than  the  wrought  iron,  remains  very  liquid.  In 
half  an  hour  the  mass  is  ready.     The  purest  possible  cast  iron  is  used  in  the  Bessemer 
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magnesium  sulphate  or  ammonium  chloride)  by  the  prolonged  action  of 
a  feeble  galvanic  current  ;  the  iron  may  be  then  obtained  as  a  dense 

process,  because  eulphur  and   phosphorus  do   not  bum  out  like  carbon,  aiUcon,   and 
jnanganese. 

The  presence  of  manganese  enables  the  sulphur  to  be  removed  with  the  slag,  and  the 
presence  of  lime  or  magnesia,  which  are  introduced  into  the  lining  of   the  converter, 
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'EiG.  94. — Bessemer  converter,  constructed  of  iron  plate  and  lined  with  ganister.  The  air  is  carried 
by  the  tubes,  L,  0,  D  to  the  bottom,  M,  from  which  it  passes  by  a  number  of  holes  into  the  con- 
verter. The  converter  is  rotated  on  the  trunnion  d  by  means  of  tlie  rack  and  pinion  H,  when  it 
is  required  either  to  receive  molten  cast  iron  from  the  melting  furnaces  or  to  pour  out  the  steel. 


facilitates  the  removal  of  the  phosphorus.  This  basic  Bessemer  process,  or  Thomas 
Gilchrist  process,  introduced  about  1880,  enables  ores  containing  a  considerable  amount 
of  phosphorus,  which  had  hitherto  only  been  used  for  cast  iron,  to  be  used  for  making 
wrought  iron  and  steel.  Naturally  the  greatest  uniformity  will  be  obtained  by  re-melting 
the  metal.  Steel  is  re-melted  in  small  wind  furnaces,  in  masses  not  exceeding  30  kilos  ; 
-a  liquid  metal  is  formed,  which  may  be  cast  in  moulds.  A  mixture  of  wrought  and  cast 
iron  is  often  used  for  making  cast  steel  (the  addition  of  a  small  amount  of  metallic  Al 
improves  the  homogeneity  of  the  castings,  by  facilitating  the  passage  of  the  impurities 
into  slag).  Large  steel  castings  are  made  by  simultaneous  fusion  in  several  furnaces  and 
crucibles;  in  this  way,  castings  up  to  80  tons  or  more,  such  as  large  ordnance,  may  be 
made.  This  molten,  and  therefore  homogeneous,  steel  is  called  cast  steel.  Of  late  years 
tihe  Martinis  process  for  the  manufacture  of  steel  has  come  largely  into  use  ;  it  was 
invented  in  France  about  1860,  and  with  the  use  of  regenerative  furnaces  it  enables  large 
quantities  of  cast  steel  to  be  made  at  a  time.  It  is  based  on  the  melting  of  cast  iron  with 
iron  oxides  and  iron  itself — for  instance,  pure  ores,  scrap,  ttc.  There  the  carbon  of  the 
cast  iron  and  the  oxygen  of  the  oxide  form  carbonic  oxide,  and  the  carbon  therefore 
burns  out,  and  thus  cast  steel  is  obtained  from  cast  iron,  providing,  naturally,  that  there 
is  a  requisite  proportion  and   corresponding  degree  of  heat.     The   advantage   of  this 
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mass.  This  mechodj  proposed  by  Bottcher  and  applied  by  Klein,  gives, 
as  R.  Lenz  showed,  iron  containing  occluded  hydrogen,  which  is  dis- 

process  is  that  not  only  do  the  carbon,  silicoji,  and  manganese,  but  also  a  great  part  of 
the  sulphur  and  phosphorus  of  the  cast  iron  burn  out  at  the  expense  of  the  oxygen  of  the 
iron  oxides.  During  the  last  decade  the  manufacture  of  eteel  and  its  application  for 
rails,  armour  plate,  guns,  boilers,  itc,  has  developed  to  an  enormous  extent,  thanks  to 
the  invention  of  cheap  processes  for  the  manufacture  of  large  masses  of  homogeneous 
cast  steel.  Wrought  iron  may  also  be  melted,  but  the  heat  of  a  blast  furnace  is  insufficient 
for  this.  It  easily  melts  in  the  oxyhydrogen  flame.  It  may  be  obtained  in  a  molten 
state  directly  from  cast  iron,  if  the  latter  be  melted  with  nitre  and  sufficiently  stiri'ed  up. 
Considerable  oxidation  then  takes  place  inside  the  mass  of  cast  u"on,  and  the  temperature 
rises  to  such  an  extent  that  the  wrought  iron  formed  remains  liquid.  A  method  is  also 
known  for  obtaining  wrought  iron  directly  from  rich  iron  ores  by  the  action  of  carbonic 
oxide  :  the  wrought  iron  is  then  formed  as  a  spongy  mass  (which  forms  an  excellent 
filter  for  purifying  water),  and  may  be  worked  up  into  wrought  iron  or  steel  either  by 
forging  or  by  dissolving  in  molten  cast  iron. 

Everybody  is  more  or  less  familiar  with  the  difference  in  tlie  properties  of  steel  and 
wrought  iron.  Iron  is  remarkable  for  its  softness,  pliabiUty,  and  small  elasticity,  whilst 
steel  may  be  characterised  by  its  capability  of  attaining  elasticity  and  hardness  if  it  be 
cooled  suddenly  after  having  been  heated  to  a  definite  temperature,  or,  as  it  is  termed, 
tempered.  But  if  tempered  steel  be  re-heated  and  slowly  cooled,  it  becomes  as  soft  as 
wrought  iron,  and  can  then  be  cut  with  the  file  and  forged,  and  in  general  can  be  made 
to  assume  any  shape,  like  wrought  iron.  In  this  soft  condition  it  is  called  annealed  steeL 
The  transition  from  tempered  to  annealed  steel  thus  takes  place  in  a  similar  way  to  the 
transition  from  white  to  grey  cast  iron.  Steel,  when  homogeneous,  has  considerable 
lustre,  and  such  a  fine  granular  structure  that  it  takes  a  very  liigh  polish.  Its  fracture 
clearly  shows  the  granular  nature  of  its  structure.  The  possibility  of  tempering  steel 
enables  it  to  be  used  for  making  all  kinds  of  cutting  instruments,  because  annealed  steel 
can  be  forged,  turned,  drawn  (under  rollers,  for  instance,  for  making  rails,  bars,  Ac),  filed, 
Szc,  and  it  may  then  be  tempered,  ground  and  polished.  Tlie  method  and  temperature 
of  tempering  and  annealing  steel  determine  its  hardness  and  other  qualities.  Steel  is 
generally  tempered  to  the  required  degree  of  hardness  in  the  following  manner  :  It  is 
first  strongly  heated  (for  instance,  up  to  600°),  and  then  plunged  into  water — that  is, 
hardened  by  rapid  cooling  (it  then  becomes  as  brittle  as  glass).  It  is  then  heated  until 
the  surface  assumes  a  definite  colour,  and  finally  cooled  either  quickly  or  slowly. 
When  steel  is  heated  up  to  220°,  its  surface  acquires  a  yellow  colour  (surgical  instru- 
ments) ;  it  first  of  all  becomes  straw-coloured  (rajzors,  &c.),  and  then  gold-coloured;  then 
at  a  temperature  of  250°  it  becomes  brown  (scissors),  then  red,  then  light  blue  at  285° 
(springs),  then  indigo  at  300°  (files),  and  finally  sea-green  at  about  340°.  These  colours 
are  only  the  tints  of  thin  films,  like  the  hues  of  soap  bubbles,  and  appear  on  the  steel 
because  a  thin  layer  of  oxides  is  formed  over  its  surface.  Steel  rusts  more  slowly  than 
wrought  u*on,  and  is  more  soluble  in  acids  than  cast  iron,  but  less  so  than  wi-ought  iron. 
Its  specific  gravity  is  about  7'6  to  7"9. 

As  regards  the  formation  of  steel,  it  was  a  long  time  before  the  process  of  cementation 
was  thoroughly  understood,  because  in  this  case  infusible  charcoal  permeates  unfused 
wrought  iron.  Caron  showed  that  this  permeation  depends  on  the  fact  that  the  charcoal 
used  in  the  process  contains  alkalis,  which,  in  the  presence  of  the  nitrogen  of  the 
air,  form  metallic  cyanides ;  these  being  volatile  and  fusible,  permeate  the  iron,  and, 
giving  up  their  carbon  to  it,  serve  as  the  material  for  the  formation  of  steel.  This 
explanation  is  confirmed  by  the  fact  that  chaxcoal  ^\athout  alkalis  or  without  nitrogen 
will  not  cement  iron.  The  charcoal  used  for  cementation  acts  badly  when  used  over 
again,  as  it  has  lost  alkali.  The  very  volatile  ammonium  cyanide  easily  conduces  to  the 
formation  of  steel.  Although  steel  is  also  formed  by  the  action  of  cyanogen  compounds, 
nevertheless  it  does  not  contain  more  nitrogen  than  cast  or  wrought  iron  (O'Ol  p.c),  and 
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engaged  on  heating.  This  galvanic  deposition  of  iron  is  used  for 
making  galvanoplastic  clicMs,  which  are  distinguished  for  their  great 

these  latter  contain  it  because  their  orea  contain  titanium,  which  combines  directly  with 
nitrogen.  Hence  the  part  played  by  nitrogen  in  steel  is  but  an  insignificant  one.  It 
may  be  useful  here  to  add  some  information  taken  from  Caron's  treatise  concerning  the 
influence  of  foreign  matter  on  the  quality  of  steel.  The  principal  properties  of  steel  are 
those  of  tempering  and  annealing.  The  compounds  of  n-on  with  silicon  and  boron  have 
not  these  properties.  They  are  more  stable  than  the  carbon  compound,  and  this  latter 
is  capable  of  changing  its  properties ;  because  the  carbon  in  it  either  enters  intO' 
combination  or  else  is  disengaged,  which  determines  the  condition  of  hardness  or  softness 
of  steel,  as  in  white  and  grey  cast  iron.  When  slowly  cooled,  steel  splits  up  into  a^ 
mixture  of  soft  and  carburetted  iron ;  but,  nevertheless,  the  carbon  does  not  separate 
from  the  iron.  If  such  steel  be  again  heated,  it  forms  a  uniform  compound,  and  hardens 
when  rapidly  cooled.  If  the  same  steel  as  before  be  taken  and  heated  a  long  time,  then, 
after  being  slowly  cooled,  it  becomes  much  more  soluble  in  acid,  and  leaves  a  residue  of 
pure  carbon.  This  shows  that  the  combination  between  the  carbon  and  iron  in  steel 
becomes  destroyed  when  subjected  to  heat,  and  the  steel  becomes  iron  mixed  with 
carbon.  Such  burnt  steel  cannot  be  tempered,  but  may  be  corrected  by  continued 
forging  in  a  heated  condition,  which  has  the  effect  of  redistributing  the  carbon  equally 
throughout  the  whole  mass.  After  the  forging,  if  the  iron  is  pure  and  the  carbon  has 
not  been  burnt  out,  steel  is  again  formed,  which  may  be  tempered.  If  steel  be  re- 
peatedly or  strongly  heated,  it  becomes  burnt  through  and  cannot  be  tempered  or 
annealed ;  the  carbon  separates  from  the  iron,  and  this  is  effected  more  easily  if  the 
steel  contains  other  impurities  which  are  capable  of  forming  stable  combinations  with 
iron,  such  as  silicon,  sulphur,  or  phosphorus.  If  there  be  much  silicon,  it  occupies  the 
place  of  the  carbon,  and  then  continued  forging  will  not  induce  the  carbon  once 
separated  to  re-enter  into  combination.  Such  steel  is  easily  burnt  through  and  cannot 
be  corrected;  when  burnt  through,  it  is  hard  and  cannot  be  annealed — this  is  tough 
steel,  an  inferior  kind.  Iron  which  contains  sulphur  and  phosphorus  cements  badly,, 
combines  but  little  with  carbon,  and  steel  of  this  kind  is  brittle,  both  hot  and  cold. 
Iron  in  combination  with  the  above-mentioned  substances  cannot  be  annealed  by  slow 
cooling,  showing  that  these  compounds  are  more  stable  than  those  of  carbon  and  iron, 
and  therefore  they  prevent  the  formation  of  the  latter.  Such  metals  as  tin  and  zinc 
combine  with  iron,  but  not  with  carbon,  and  form  a  brittle  mass  which  cannot  be 
annealed  and  is  deleterious  to  steel.  Manganese  and  tungsten,  on  the  contrary,  are 
capable  of  combining  with  charcoal ;  they  do  not  hinder  the  formation  of  steel,  but  even 
remove  the  injurious  effects  of  other  admixtures  (by  transforming  these  admixed  sub- 
stances into  new  compounds  and  slags),  and  are  therefore  ranked  with  the  substances 
which  act  beneficially  on  steel ;  but,  nevertheless,  the  best  steel,  which  is  capable  of 
renewing  most  often  its  primitive  qualities  after  burning  or  hot  forging,  is  the  purest. 
The  addition  of  Ni,  Cr,  W,  and  certain  other  metals  to  steel  renders  it  very  suitable  for 
certain  special  purposes,  and  is  therefore  frequently  made  use  of. 

It  is  worthy  of  attention  that  steel,  besides  temper,  possesses  many  variable 
properties,  a  review  of  which  may  be  made  in  the  classification  of  the  sorts  of  steel 
(1878,  Cockerell).  (1)  Very  luild  steel  contains  from  0*05  to  0-20  p.c.  of  carbon,  breaks 
with  a  weight  of  40  to  50  kilos  per  square  millimetre,  and  has  an  extension  of  20  to 
30  p.c. ;  it  may  be  welded,  like  wrought  iron,  but  cannot  be  tempered ;  is  used  in  sheets 
for  boilers,  armour  plate  and  bridges,  nails,  rivets,  &c.,  as  a  substitute  for  wrought  iron  ; 
(2)  mild  steel,  from  0'20  to  0'35  p.c.  of  carbon,  resistance  to  tension  50  to  60  kilos, 
extension  15  to  20  p.c,  not  easily  welded,  and  tempers  badly,  used  for  axles,  rails,  and 
railway  tyres,  for  cannons  and  guns,  and  for  parts  of  machines  destined  to  resist  bending 
and  torsion;  (S  hard  steel,  carbon  0*35  to  0*50  p.c,  breaking  weight  60  to  70  kilos  per 
square  millimetre,  extension  10  to  15  p.c,  cannot  be  welded,  takes  a  temper;  used  for 
rails,  all  kinds  of  springs,  swords,  parts  of  machinery  in  motion  subjected  to  friction. 
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hardness.  Electro-deposited  iron  is  brittle,  but  if  heated  (after  the 
separation  of  the  hydrogen)  it  becomes  soft.  If  pure  ferric  hydroxide, 
which  is  easily  prepared  by  the  precipitation  of  solutions  of  ferric 
salts  by  means  of  ammonia,  be  heated  in  a  stream  of  hydrogen,  it 
forms,  first  of  all,  a  dull  black  powder  which  ignites  spontaneously  in 
air  (pyrophoric  iron),  and  then  a  grey  powder  of  pure  iron.  The 
powdery  substance  first  obtained  is  an  iron  suboxide  ;  when  thrown 
into  the  air  it  ignites,  forming  the  oxide  ^6304.  If  the  heating  in 
hydrogen  be  continued,  more  water  and  pure  iron,  which  does  not 
ignite  spontaneously,  will  be  obtained.  If  a  small  quantity  of  iron  be 
fused  in  the  oxyhydrogen  flame  (with  an  excess  of  oxygen)  in  a  piece 
of  lime  and  mixed  \A-ith  powdered  glass,  pure  molten  iron  will  be 
formed,  because  in  the  oxyhydrogen  flame  iron  melts  and  burns,  but 
the  substances  mixed  with  the  iron  oxidise  first.  The  oxidised  im- 
purities here  either  disappear  (carbonic  anhydride)  in  a  gaseous  form, 
or  tui'n  into  slag  (silica,  manganese,  oxide,  and  others) — that  is,  fuse 
with  the  glass.  Pure  iron  has  a  silvery  white  colour  and  a  specific 
gravity  of  7*84  ;  it  melts  at  a  temperature  higher  than  the  melting- 
points    of   silver,  gold,    nickel,  and  steel,   i.e.  about  1400^-1500°  and 


spincUes  of  looms,  liainmei"'^,  spades,  hoes,  Szc. ;  (4)  ver/j  hard  steel,  carbon  0"5  to  0*65 
p.c,  tensile  breaking  weight  70  to  80  kilos,  extension  o  to  10  p.c,  does  not  weld,  but 
tempers  easily ;  used  for  small  springs,  saws,  files,  Icnives  and  similar  instruments. 

The  properties  of  ordinary  wrought  iron  are  well  known.  The  best  iron  is  the  most 
tenacious — that  is  to  say,  that  which  does  not  break  up  when  struck  with  the  hammer 
or  bent,  and  yet  at  the  same  time  is  sufficiently  hard.  There  is,  however,  a  distinction 
between  hard  and  soft  iron.  Generally  the  softest  iron  is  the  most  tenacious,  and  can 
best  be  welded,  drawn  into  wire,  sheets,  6cc.  Hard,  especially  tough,  iron  is  often 
characterised  by  its  breaking  when  bent,  and  is  therefore  very  difficult  to  work,  and 
objects  made  from  it  are  less  serviceable  in  many  respects.  Soft  iron  is  most  adapted 
for  making  wire  and  sheet  iron  and  such  small  objects  as  nails.  Soft  iron  is  characterised 
by  its  attaining  a  fibrous  fracture  after  forging,  whilst  tough  iron  preserves  its  granular 
structure  after  this  operation.  Certain  sorts  of  iron,  although  fairly  soft  at  the  ordinary 
temperature,  become  brittle  when  heated  and  are  difficult  to  weld.  These  sorts  are 
less  suitable  for  being  worked  up  into  small  objects.  The  variety  of  the  properties  of 
iron  depends  on  the  impurities  which  it  contains.  In  general,  the  iron  used  in  the  arts 
still  contains  carbon  and  always  a  certain  quantity  of  silicon,  manganese,  sulphur, 
phosphorus,  ttc.  A  variety  in  the  proportion  of  these  component  parts  changes  the 
quality  of  the  iron.  In  addition  to  this  the  change  which  soft  wrought  iron,  having  a 
fibrous  structure,  undergoes  when  subjected  to  repeated  blows  and  vibrations  is  con- 
siderable ;  it  then  becomes  granular  and  brittle.  This  to  a  certain  degree  explains  the 
want  of  stability  of  some  iron  objects — such  as  truck  axles,  which  must  be  renewed  after 
a  certain  term  of  service,  otherwise  they  become  brittle.  It  is  evident  that  there  are 
innumerable  intermediate  transitions  from  wrought  iron  to  steel  and  cast  iron. 

At  the  present  day  the  greater  part  of  the  cast  iron  manufactured  is  converted  into 
steel,  generally  cast  steel  (Bessemer's  and  Martin's).  I  naay  add  the  Urals,  Donetz 
district,  and  other  parts  of  Russia  offer  the  greatest  advantages  for  the  development  of 
an  iron  industry,  because  these  localities  not  only  contain  vast  supplies  of  excellent  iron 
ore,  but  also  coal,  which  is  necessary  for  smelting  it. 
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below  the  melting  point  of  platinum  (1750°). ^^  But  pure  iron  becomes 
soft  at  a  temperature  considerably  below  that  at  which  it  melts,  and 
may  then  be  easily  forged,  welded,  and  rolled  or  drawn  into  sheets  and 
■^i^piibis  Pure  iron  may  be  rolled  into  an  exceedingly  thin  sheet, 
weighing  less  than  a  sheet  of  ordinary  paper  of  the  same  size.  This 
ductility  is  the  most  important  property  of  iron  in  all  its  forms,  and  is 
most  marked  with  sheet  iron,  and  least  so  with  cast  iron,  whose 
ductility,  compared  with  wrought  iron,  is  small,  but  it  is  still  very 
considerable  when  compared  with  other  substances— such,  for  instance, 
as  rocks.  ^2 

Tlie  chemical  pro2:>ertif^s  of  iron  have  been  already  repeatedly 
mentioned  in  preceding  chapters.  Iron  rusts  in  air  at  the  ordinary 
temperature — that  is  to  say,  it  becomes  covered  with  a  layer  of  iron 
oxides.  Here,  without  doubt,  the  moisture  of  the  air  plays  a  part, 
because  in  dry  air  iron  does  not  oxidise  at  all,  and  also  because,  more 

1'  According  to  information  supplied  by  A.  T.  Skinder's  experiments  at  the  Oboukoff 
Steel  Works,  140  voltinies  of  liquid  molten  steel  give  1'2H  volumes  of  solid  metal.  By- 
means  of  a  galvanic  current  of  great  intensity  and  dense  charcoal  as  one  electrode,  and 
iron  as  the  other,  Bernadoss  welded  iron  and  fused  holes  through  sheet  iron.  Soft 
wrought  iron,  like  steel  and  soft  malleable  cast  iron,  may  be  melted  in  Siemens' 
regenerative  furnaces,  and  in  furnaces  heated  with  naphtha. 

11  biH  Qore  (1869),  Tait,  Barret,  Tchernoff,  Osmond,  and  others  observed  that  at  a 
temperature  approaching  600° — that  is,  between  dark  and  bright  red  heat — all  kinds  of 
wrought  iron  undergo  a  peculiar  change  called  recalescciice,  i.e.  a  spontaneous  rise  of 
temperature.  If  iron  be  considerably  heated  and  allowed  to  cool,  it  may  be  obser\'-ed 
that  at  this  temperature  the  cooling  stops — that  is,  latent  heat  is  disengaged,  corre- 
sponding with  a  change  in  condition.  The  specific  heat,  electrical  conductivity,  magnetic, 
and  other  properties  then  also  change.  In  tempering,  the  temperature  of  recalescence 
must  not  be  reached,  and  so  also  in  annealing,  &c.  It  is  evident  that  a  change  of  the 
internal  condition  is  here  encountered,  exactly  similar  to  the  transition  from  a  solid  to  a 
liquid,  although  there  is  no  evident  physical  change.  It  is  probable  that  attentive  study 
would  lead  to  the  discovery  of  a  similar  change  in  other  substances. 

^-  The  particles  of  steel  are  linked  together  or  connected  more  closely  than  those  of 
the  other  metals  ;  this  is  shown  by  the  fact  that  it  only  breaks  with  a  tensile  strain  of 
50-80  kilos  per  sq.  mm.,  whilst  wrought  iron  only  withstands  about  30  kilos,  cast  iron 
10,  copj)er  35,  silver  23,  platinum  30,  wood  8.  The  elasticity  of  iron,  steel,  and  other 
metals  is  expressed  by  the  so-called  coefficient  of  elasticity.  Let  a  rod  be  taken  whose 
length  is  L  ;  if  a  weight,  P,  be  hung  from  the  extremity  of  it,  it  will  lengthen  to  /. 
The  less  it  lengthens  under  other  equal  conditions,  the  more  elastic  the  material,  if  it 
resumes  its  original  length  when  the  weight  is  removed.  It  has  been  shown  by  experiment 
that  the  increase  in  length  I,  due  to  elasticity,  is  directly  proportional  to  the  length  L 
and  the  weight  P,  and  inversely  proportional  to  the  section,  but  changes  with  the 
material.  The  coefficient  of  elasticity  expresses  that  weight  (in  kilos  per  sq.  mm.) 
under  which  a,  rod  having  a  square  section  taken  as  1  (we  take  1  sq.  mm.)  acquires 
double  the  length  by  tension.  Naturally  in  practice  materials  do  not  withstand  such  a 
lengthening,  under  a  certain  weight  they  attain  a  limit  of  elasticity,  i.e.  they  stretch 
permanently  (undergo  deformation).  Neglecting  fractions  (as  the  elasticity  of  metals 
varies  not  only  with  the  temperature,  but  also  with  forging,  purity,  &c.),  the  coefficient 
of  elasticity  of  steel  and  iron  is  20,000,  copper  and  brass  10,000,  silver  7,000,  glass  6,000, 
lead  2,000,  and  wood  1,200. 
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particularly,  ammonia  is  always  found  in  iron  rust ;  the  ammonia  must 
arise  from  the  action  of  the  hydrogen  of  the  water,  at  the  moment  of  its 
separation,  on  the  nitrogen  of  the  air.  Highly-polished  steel  does  not 
Tust  nearly  so  readily,  but  if  moistened  with  water,  it  easily  becomes 
coated  with  rust.  As  rust  depends  on  the  access  of  moisture,  iron  may 
be  preserved  from  rust  by  coating  it  with  substances  which  prevent 
the  moisture  ha^•ing  access  to  it.  Thus  arises  the  practice  of  covering 
iron  objects  with  paraffin,''  varnish,  oil,  paints,  or  enamelling  it 
with  a  glassy-looking  flux  possessing  the  same  coefficient  of  expansion  as 
iron,  or  with  a  dense  scoria  (formed  by  the  heat  of  superheated  steam), 
or  with  a  compact  coating  of  various  metals.  Wrought  iron  (both  as 
sheet  iron  and  in  other  forms),  cast  iron,  and  steel  are  often  coated  with 
tin,  copper,  lead,  nickel,  and  similar  metals,  which  prevent  contact  with 
the  air.  These  metals  preserve  iron  very  effectually  from  rust  if  they 
form  a  completely  compact  surface,  but  in  those  places  where  the  iron 
becomes  exposed,  either  accidentally  or  from  wear,  rust  appears  much 
more  quickly  than  on  a  uniform  iron  surface,  because,  towards  these 
metals  (and  also  towards  the  rust),  the  iron  will  then  behave  as  an 
electro-positive  pole  in  a  galvanic  couple,  and  hence  will  attract 
oxygen.  A  coating  of  zinc  does  not  produce  this  inconvenience,  because 
iron  is  electro-negative  with  reference  to  zinc,  in  consequence  of  which 
galvanised  iron  does  not  easily  rust,  and  even  an  iron  boiler  containing 
some  lumps  of  zinc  rusts  less  than  one  without  zinc.'^  Iron  widdises 
at  a  high  temperature,  forming  iron  scale,  Fe304,  composed  of  terrous 
and  ferric  oxides,  and,  as  has  been  seen,  decomposes  water  and  acids 
with  the  evolution  of  hydrogen.  It  is  also  capable  of  deconiposing 
salts  and  oxides  of  other  metals,  which  property  is- applied  in  the  arts 
for  the  extraction  of  copper,  silver,  lead,  tin,  &c.  For  this  reason 
iron  is  soluble  in  the  solutions  of  many  salts — for  instance,  in  cupric 
sulphate,  with  precipitation  of  copper  and  formation  of  ferrous  sul- 
phate.'"'    When  iron  acts  on  acids  it  always _/or»ns  compounds  FeXj — 

w 

'^  Paraffin  is  one  of  the  best  preservatives  for  iron  against  oxidation  in  the  air.  I 
found  this  by  experiments  about  1860,  and  immediately  published  the  fact.  Tliis  method 
is  now  very  generally  applied. 

^^  See  Chapter  XYIII.,  Note  34  bis.  Based  on  the  rapid  oxidation  of  iron  and  its 
increase  in  volume  in  the  presence  of  water  and  salts  of  ammonium,  a  packing  i^  used 
for  water  mains  and  steam  pipes  which  is  tightly  hammered  hito  the  socket  joints. 
This  packing  consists  of  a  mixture  of  iron  filings  and  a  small  quantity  of  sal-acomoniac 
(and  sulphur)  moistened  with  water ;  after  a  certain  lapse  of  time,  especially  after  the 
pipes  have  been  used,  this  mass  swells  to  such  an  extent  that  it  hermetically  seals  the 
joints  of  the  pipes. 

15  Here,  however,  a  ferric  salt  may  also  be  formed  (when  all  the  iron  has  dissolved 
and  the  cupric  salt  is  still  in  excess),  because  the  cupric  salts  are  reduced  by  ferrous 
isalts.     Cast  iron  is  also  dissolved. 
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that  is,  corresponding  to  the  suboxide  FeO  -  and  answering  to  magnesium 
compounds — and  hence  two  atoms  of  hydrogen  are  replaced  by  one 
atom  of  iron.  Strongly  oxidising  acids  like  nitric  acid  may  transform 
the  ferrous  salt  which  is  forming  into  the  higher  degree  of  oxidation  or 
ferric  salt  (corresponding  with  the  sesquioxide,  re20;,),  but  this  is  a 
secondary  reaction.  Iron,  although  easily  soluble  in  dilute  nitric  acid, 
loses  this  property  when  plunged  into  strong  fuming  nitric  acid  ;  after 
this  operation  it  even  loses  the  property  of  solubility  in  other  acids 
until  the  external  coating  formed  by  the  action  of  the  strong  nitric 
acid  is  mechanically  removed.  This  condition  of  iron  is  termed  the 
passive  state.  The  passive  condition  of  iron  depends  on  the  formation, 
on  its  surface,  of  a  coating  of  oxide  due  to  the  iron  being  acted  on  by 
the  lower  oxides  of  nitrogen  contained  in  the  fuming  nitric  acid."' 
Strong  nitric  acid  which  does  not  contain  these  lower  oxides,  does  not 
render  iron  passive,  but  it  is  only  necessary  to  add  some  alcohol  or 
other  reducing  agent  which  forms  these  lower  oxides  in  the  nitric  acid, 
and  the  iron  will  assume  the  passive  state. 

Iron  readily  combines  with  non-metals — for  instance,  with  chlorine, 
iodine,  bromine,  sulphur,  and  even  with  phosphorus  and  carbon  ;  but 
on  the  other  hand  the  property  of  combining  with  metals  is  but  little 
developed  in  it — that  is  to  say,  it  does  not  easily  form  alloys.  Mercury, 
which  acts  on  most  metals,  does  not  act  directly  on  iron,  and  the  iro'ft 
amalgam,  or  solution  of  iron  in  mercury,  which  is  used  for  electrical 
machines,  is  only  obtained  in  a  particular  way — namely,  with  the 
co-operation  of  a  sodium  amalgam,  in  which  the  iron  dissolves  and  by 
means  of  which  it  is  reduced  from  solutions  of  its  salts. 

When  iron  acts  on  acids  it  forms  ferrous  salts  of  the  type  FeX2, 
and  in  the  presence  of  air  and  oxidising  agents  they  change  by  degrees 
into  ferric  salts  of  the  type  FeXj.  This  faculty  of  passing  from  the 
ferrous  to  the  ferric  state  is  still  further  developed  in  ferrous  hydroxide. 
If  sodium  hydroxide  be  added  to  a  solution  of  ferrous  sulphate  or 
green  vitriol,  FeS04,''a  white  precipitate  of  ferrous  hydroxide,  FeH,0,, 

'•^  Powdery  reduced  iron  is  passive  with  regard  to  nitric  acid  of  a  specific  gravity  of 
1'37,  but  when  heated  the  acid  acts  on  it.  This  passiveness  disappears  in  the  magnetic 
field.  Saint-Edme  attributes  the  passiveness  of  iron  (and  nickel)  to  the  formation  of 
nitride  of  iron  on  the  surface  of  the  metal,  because  he  observed  that  when  heated  in  dry 
hydrogen  ammonia  is  evolved  by  piassive  iron. 

Remsen  observed  that  if  a  strip  of  iron  be  immersed  in  acid  and  placed  in  the  mag- 
netic field,  it  is  principally  dissolved  at  its  middle  part — that  is,  the  acid  acts  more  feebly 
at  the  poles.  According  to  Etard  (1891)  strong  nitric  acid  dissolves  iron  in  making  it 
passive,  although  the  action  is  a  very  slow  one. 

"  Iron  vitriol  or  green  vitriol,  suljjhate  of  iron  or  ferrous  sulphate,  generally  crys- 
tallises from  solutions,  like  magnesium  sulphate,  with  seven  molecules  of  water, 
FeSO|,7H20.     This  salt  is  not  only  formed  by  the  action  of  iron  on  sulphuric  acid,  but 
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is  obtained  ;  but  on  exposure  to  the  air,  even  under  water,  it  turns 
green,  becomes  grey,  and  finally  turns  brown,  which  is  due  to  the 
oxidation  that  it  undergoes.  Ferrous  hydroxide  is  very  sparingly 
soluble  in  water  ;  the  solution  has,  however,  a  distinct  alkaline  reaction, 
which  is  due  to  its  being  a  fairly  energetic  basic  oxide.  In  any  case, 
ferrous  oxide  is  far  more  energetic  than  ferric  oxide,  so  that  if  ammonia 
be  added  to  a  solution  containing  a  mixture  of  a  ferrous  and  ferric 
salt,  at  first  ferric  hydroxide  only  will  be  precipitated.  If  barium 
carbonate,  BaCOg,  be  shaken  up  in  the  cold  with  ferrous  salts,  it 
does  not  precipitate  them — that  is,  does  not  change  them  into  ferrous 
carbonate  ;  but  it  completely  separates  all  the  iron  from  the  ferric 
salts  in  the  cold,  according  to  the  equation  Fe2ClG  +  SBaCOy  +  3H2O 
=  Fe.O.,3HoO  +  3BaCl2  +  300.,.  If  ferrous  hydroxide  be  boiled  with 
a  solution  of  potash,  the  water  is  decomposed,  hydrogen  is  evolved,  and 
the  ferrous  hydroxide  is  oxidised.  The  ferrous  salts  are  in  all  respects 
similar  to  the  salts  of  magnesium  and  zinc  ;  they  are  isomorphous 
with  them,  but  differ  from  them  in  that  the  ferrous  hydroxide  is  not 
soluble  either  in  aqueous  potash  or  ammonia.  In  the  presence  of  an 
excess  of  ammonium  salts,  however,  a  certain  proportion  of  the  iron 

also  by  tlie  action  of  moisture  and  air  on  iron  pyrites,  especially  when  pre^aously  roasted 
(FeSo+0.j  =  FeS  +  S02),  and  in  this  condition  it  easily  absorbs  the  oxygen  of  damp  air 
(FeS  +  04=FeS04).  Green  vitriol  is  obtained  in  many  processes  as  a  bye-product. 
FeiTous  sulphate,  like  all  the  ferrous  salts,  has  a  pale  greenish  colour  hardly  perceptible 
in  solution.  If  it  be  desired  to  preserve  it  without  change — that  is,  so  as  not  to  contain 
ferric  compounds — it  is  uecessaiy  to  keep  it  hennetically  sealed.  This  is  best  done  by 
expelling  the  air  by  means  of  sulphurous  anhydride  or  ether;  sulphurous  anhydride, 
SOo,  removes  oxygen  from  ferric  compounds,  wliich  might  be  formed,  and  is  itself 
changed  into  sulphuric  acid,  and  hence  the  oxidation  of  the  ferrous  compound  does  not 
take  place  in  its  presence.  Unless  these  precautions  are  taken,  green  vitriol  turns 
brown,  partly  changing  into  the  feiTic  salt.  "When  tm'ned  brown,  it  is  not  completely 
soluble  in  water,  because  during  its  oxidation  a  certain  amount  of  free  insoluble  ferric 
oxide  is  formed:  6FeS04  +  05  =  ^Fe,(S04)5  +  Fe205.  In  order  to  cleanse  such  mixed 
green  ^-itriol  from  the  oxide,  it  is  necessary  to  add  some  sulphuric  acid  and  iron  and  boil 
the  mixtiu'e  ;  the  ferric  salt  is  then  transformed  into  the  ferrous  state:  Fe^fSOJs  +  Fe 
=  3FeS04. 

Green  vitriol  is  used  for  the  manufacture  of  Nordhausen  sulphuric  acid  (Chapter 
XX.),  for  preparing  ferric  oxide,  in  many  dye  works  (for  preparing  the  indigo  vats  and 
reducing  blue  indigo  to  white),  and  in  many  other  processes;  it  is  also  a  very  good 
disinfectant,  and  is  the  cheapest  salt  from  which  other  compounds  of  iron  may  be 
obtained. 

The  other  ferrous  salts  (excepting  the  yellow  prussiate,  which  w  ill  be  mentioned  lajier 
are  but  little  used,  and  it  is  therefore  unnecessary  to  dwell  upon  them.  We  will  only 
mention  ferrous  chloHde,  which,  in  the  crystalline  state,  has  the  composition 
FeClo,4H20.  It  is  easily  prepared  ;  for  instance,  by  the  action  of  hydrochloric  acid  on 
iron,  and  in  the  anhydrous  state  by  the  action  of  hydrochloric  acid  gas  on  metallic  iron 
at  a  red  heat.  The  anhydrous  ferrous  chloride  then  volatilises  in  the  form  of  colourleBS 
cubic  crystals.  Ferrous  oxalate  (or  the  double  potassium  salt)  acts  as  »  powerful 
reducing  agent,  and  is  frequently  employed  in  photogi'aphy  (as  a  developer). 
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is  not  precipitated  by  alkalis  and  alkali  carbonates,  which  fact  points 
to  the  formation  of  double  ammonium  salts.  "*  The  ferrous  salts  have 
■n  dull  greenish  colour,  and  form  solutions  also  of  a  pale  green  colour, 
whilst  the  ferric  salts  have  a  brown  or  reddish-brown  colour.  Tho 
ferrous  salts,  being  capable  of  oxidation,  form  very  active  reducino- 
-agents— for  instance,  under  their  action  gold  chloride,  AuCI,jj  deposits 
metallic  gold,  nitric  acid  is  transformed  into  lower  oxides,  and  th(; 
nighest  oxides  of  manganese  also  pass  into  the  lower  forms  of  oxidation. 
All  these  reactions  take  place  with  especial  ease  in  the  presence  of  an 
-excess  of  acid.  This  depends  on  the  fact  that  the  ferrous  oxide,  FeO 
(or  salt),  acting  as  a  reducing  agent,  turns  into  ferric  oxide,  Fe203  (or 
salt),  and  in  the  ferric  state  it  requires  more  acid  for  the  formation 
of  a  normal  salt  than  in  the  ferrous  condition.  Thus  in  the  normal 
ferrous  sulphate,  FeS04,  there  is  one  equivalent  of  iron  to  one 
equivalent  of  sulphur  (in  the  sulphuric  radicle),  but  in  the  neutral 
ferric  salt,  Fe2(S04)3,  there  is  one  equivalent  of  iron  to  one  and  a 
half  of  sulphur  in  the  form  of  the  elements  of  sulphuric  acid.'^ 

The  most  simple  oxidising  agent  for  transforming  ferrous  into  ferric 
salts  is  chlorine  in  the  presence  of  water  — for  instance,  2FeCl2  +  CI2 

1^  Ferrous  sulphate,  like  magnesium  sulphate,  easily  forms  double  salts — for  instance 
(NH4)2S04,FeS04,6HoO.  This  salt  does  not  oxidise  in  air  so  readily  as  green  vitriol,  and 
is  therefore  used  for  standardising  KMnO^ 

'^  The  transformation  of  ferrous  oxide  into  feiTic  oxide  is  not  completely  effected  in 
air,  as  then  only  a  part  of  the  suboxide  is  converted  into  ferric  oxide.  Under  these 
circumstances  the  so-called  magnetic  oxide  of  iron  is  generally  produced,  which  contains 
atomic  quantities  of  the  suboxide  and  oxide — namely,  FeO,Fe203  =  Fe-04.  This  sub- 
stance, as  already  mentioned,  is  found  in  nature  and  in  iron  scale.  It  is  also  formed 
when  most  ferrous  and  ferric  salts  are  heated  in  air ;  thus,  for  instance,  when  ferrous 
carbonate,  FeCO^  (native  or  the  precipitate  given  by  soda  in  a  solution  of  FX^),  is 
heated  ib  loses  the  elements  of  carbonic  anhydride,  and  magnetic  oxide  reniiiins.  This 
oxide  of  iron  is  attracted  by  the  magnet,  and  is  on  this  account  called  magnetic  oxide, 
although  it  does  not  always  show  magnetic  properties.  If  magnetic  oxide  be  dissolved  in 
any  acid — for  instance,  hydrochloric — which  does  not  act  as  an  oxidising  agent,  a  ferrous 
salt  is  first  formed  and  ferric  oxide  remains,  which  is  also  capable  of  passing  into 
solution.  The  best  way  of  preparing  the  hydrate  of  the  magnetic  oxide  is  by  decomposing 
a  mixture  of  ferrous  and  ferric  salts  with  ammonia ;  it  is,  however,  indispensable  to  pour 
this  mixture  into  the  ammonia,  and  not  oice  versa,  as  in  that  case  the  ferrous  oxide  would 
at  first  be  precipitated  alone,  and  then  the  ferric  oxide.  The  compound  thus  formed  has  a 
bright  green  colour,  and  when  dried  forms  a  black  powder.  Other  combinations  of 
ferrous  with  feiTic  oxide  are  known,  as  are  also  compounds  of  ferric  oxide  with  other 
bases.  Thus,  for  instance,  compounds  are  known  containing  4  molecules  of  ferrous  oxide 
to  1  of  ferric  oxide,  and  also  6  of  ferrous  to  1  of  ferric  oxide.  These  are  also  magnetic, 
and  are  fonned  by  heating  iron  in  air.  The  magnesium  compound  MgOjFe.^O.^  is 
prepared  by  passing  gaseous  hydrochloric  acid  over  a  heated  mixture  of  magnesia  and 
ferric  oxide.  Crystalline  magnesium  oxide  is  then  formed,  and  black,  shiny,  octahedral 
crystals  of  the  above-mentioned  coniposition.  This  compound  is  analogous  to  the 
aluminates — for  instance,  to  spinel.  Bernheim  (188H)  and  Rousseau  (1891)  obtained 
many  similar  compounds  of  ferric  oxide,  and  their  composition  apparently  corresponds 
to  the  hydrates  (Note  22)  known  for  t)ie  oxide. 

VOL.  II.  Z 
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=  FejClg,  or,  generally  speaking,  2FeO  +  Clj  +  H2O  =  Fe.fi 3  +  2HC]. 
When  such  a  transformation  is  required  it  is  best  to  add  potassium 
chlorate  and  hydrochloric  acid  to  the  ferrous  solution  ;  chlorine  is 
formed  by  their  mutual  reaction  and  acts  as  an  oxidising  agent. 
Nitric  acid  produces  a  similar  eflFect,  although  more  slowly.  Ferrous 
salts  may  be  completely  and  rapidly  oxidised  into  ferric  salts  by  means 
of  chromic  acid  or  permanganic  acid,  HMn04,  in  the  presence  of  acids — 
for  example,  lOFeSO^  +  2KMn04  +  SHjSO^  =  5Fe2(S04)3  +  2MnS04 
+  K2SO4  +  8H2O.  This  reaction  is  easily  observed  by  the  change  of 
colour,  and  its  termination  is  easily  seen,  because  potassium  perman- 
ganate forms  solutions  of  a  bright  red  colour,  and  when  added  to  a 
solution  of  a  ferrous  salt  the  above  reaction  immediately  takes  place  in 
the  presence  of  acid,  and  the  solution  then  becomes  colourless,  because  all 
the  substances  formed  are  only  faintly  coloured  in  solution.  Directly  all 
the  ferrous  compound  lias  passed  into  the  ferric  state,  any  excess  of 
permanganate  which  is  added  communicates  a  red  colour  to  the  liquid 
(see  Chapter  XXI.) 

Thus  when  ferrous  salts  are  acted  on  by  oxidising  agents,  they  pass 
into  the  ferric  form,  and  under  the  action  of  reducing  agents  the 
reverse  reaction  occurs.  Sulphuretted  hydrogen  may,  for  instance,  be 
used  for  this  complete  transformation,  for  under  its  influence  ferric  salts 
are  reduced  with  separation  of  sulphur — for  example,  FejClg  +  HjS 
=  2FeCl2  +  2HC1  +  S.  Sodium  tliior.ulphate  acts  in  a  similar  way  : 
FejClg  +  Na^S^Oj  +  H^O  =  2FeCl2  +  Na2S04  +  2HC1  +  S.  Me- 
tallic iron  or  zinc,^"  in  the  presence  of  acids,  or  sodium  amalgam,  (fee, 
acts  like  hydrogen,  and  has  also  a  similar  reducing  action,  and  this 
furnishes  the  best  method  for  reducing  ferric  salts  to  ferrous  salts — 
for  instance,  FesClg  +  Zn  =  2FeCl2  +  ZnClj.  Thus  the  transition  from 
ferrous  salts  to  ferric  salts  and  vice  versd  is  always  possible.^^ 

-^  Copper  and  cuprous  salts  also  reduce  ferric  oxide  to  feiTous  oxide,  and  are  tliem- 
selves  turned  into  cupric  salts.  The  essence  of  the  reactions  is  expressed  by  the  following 
equations :  FeaOs  4-  CajO  =  2FeO  +  2CuO ;  FejOj  -I-  Cu  =  2FeO  +  CuO.  This  fact  is  made 
use  of  ill  analysing  copper  compounds,  the  quantity  of  copper  being  ascertained  by  the 
amount  of  ferrous  salt  obtained.  An  excess  of  ferric  salt  is  required  to  complete  the 
reaction.  Here  we  have  an  example  of  reverse  reaction ;  the  ferrous  oxide  or  its  salt  in 
the  presence  of  alkali  transforms  the  cupric  oxide  into  cuprous  oxide  and  metallic  copper, 
as  observed  by  Lovel,  Knopp,  and  others. 

^'  We  will  here  mention  the  reactions  by  means  of  which  it  may  be  ascertained 
whether  the  ferrous  conipound  has  been  entirely  converted  into  a  ferric  compound  or 
vice  versd.  There  are  two  substances  which  are  best  employed  for  this  purpose: 
potassium  ferricyanide,  FeK-,C|jNe,  and  potassium  thiooyanate,  KCNS.  The  first  salt 
gives  with  ferrous  salts  a  blue  precipitate  of  an  insoluble  salt,  having  a  composition 
Fe.'.Ci^Nj-i ;  but  with  ferric  salts  it  does  not  form  any  precipitate,  and  only  gives  a  brown 
colour,  and  therefore  when  transforming  a  ferrous  salt  into  a  ferric  salt,  the  completion 
of  the  transformation  may  be  detected  by  taking  a  di-op  of  the  liquid  on  paper  or  on  a 
porcelain  plate  and  adding  a  drop  of  the  ferricyanide  solution.     If  a  blue  precipitate  be 


IRON,    COBALT,   AND  NICKEL  339 

Ferric  oxide,  or  sesquioxide  of  iron,  FeiOj,  is  found  in  nature, 
and  is  artificially  prepared  in  the  form  of  a  red  powder  by  many 
methods.  Thus  after  heating  green  vitriol  a  red  oxide  of  iron  remains, 
called  coloothar,  which  is  used  as  an  oil  paint,  principally  for  painting 
wood.  The  same  substance  in  the  form  of  a  very  fine  powder  (rouge) 
is  used  for  polishing  glass,  steel,  and  other  objects.  If  a  mixture  of 
ferrous  sulphate  with  an  excess  of  common  salt  be  strongly  heated, 
crystalline  ferric  oxide  will  be  formed,  having  a  dark  violet  colour,  and 
resembling  some  natural  varieties  of  this  substance.  When  iron  pyrites 
is  heated  for  preparing  sulphurous  anhydride,  ferric  oxide  also  remains 
behind  ;  it  is  used  as  a  pigment.  On  the  addition  of  alkalis  to  a 
solution  of  ferric  salts,  a  brown  precipitate  of  ferric  hydroxide  is  formed, 
which  when  heated  (even  when  boiled  in  water,  that  is,  at  about  100°, 
according  to  Tomassi)  easily  parts  with  the  water,  and  leaves  red 
anhydrous  ferric  oxide.  Pure  ferric  oxide  does  not  show  any  mag- 
netic properties,  but  when  heated  to  a  white  heat  it  loses  oxygen  and  is 
converted  into  the  magnetic  oxide.  Anhvdrous  ferric  oxide  which  has 
been  heated  to  a  high  temperature  is  with  difficulty  soluble  in  acids 
(but  it  is  soluble  when  heated  in  strong  acids,  and  also  when  fused  with 
potassium  hydrogen  sulphate),  whilst  ferric  hydroxide,  at  all  events 
that  which  is  precipitated  from  salts  by  means  of  alkalis,  is  very  readily 
soluble  in  acids.  The  precipitated  ferric  hydroxide  has  the  composition 
2Fe20:,3H20,  or  F04H5O9.  If  this  ordinary  hydroxide  be  rendered 
anhydrous  (at  100°),  at  a  certain  moment  it  becomes  incandescent 
—that  is,  loses  a  certain  quantity  of  heat.  This  self-incandescence 
depends  on  internal  displacement  produced  by  the  transition  of  the 
easily-soluble  (in  acids)  variety  into  the  difficultly-soluble  variety, 
and  does  not  depend  on  the  loss  of  water,  since  the  anhydrous  oxide 
undergoes  the  same  change.  In  addition  to  this  there  exists  a  ferric 
hydroxide,  or  hydrated  oxide  of  iron,  which,  like  the  strongly-heated 
anhydrous  iron  oxide,  is  difficultly  soluble  in  acids.  This  hydi  oxide  on 
losing  water,  or  after  the  loss  of  water,  does  not  undergo  such  self- 
incandescence,  because  no  such  state  of  internal  displacement  occurs 
(loss  of  energy  or  heat)  with  it  as  that  which  is  peculiar  to  the  ordinary 
oxide  of  iron.  The  ferric  hydroxide  which  is  difficultly  soluble  in  acids 
has  the  composition  FejOjiFjO.     This  hydroxide  is  obtained  by  a  pro- 

formed,  then  part  of  the  ferrous  salt  still  remains  ;  if  there  is  none,  the  transformation  is 
complete.  The  thiooyanate  does  not  give  any  marked  coloration  with  ferrous  salts  ;  but 
with  ferric  salts  in  the  most  diluted  state  it  forms  a  bright  red  soluble  compound,  and 
therefore  when  transforming  a  ferric  salt  into  a  ferrous  salt  we  m,ust  proceed  as  before, 
testing  a  drop  of  the  solution  with  thiocyanate,  when  the  absence  of  a  red  colour  will 
prove  the  total  transformation  of  the  ferric  salt  into  the  ferrous  state,  and  if  a  red  colour 
i3  apparent  it  shows  that  the  transformation  is  not  yet  complete. 

z  2 
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longed  ebullition  of  water  in  which  ferric  hydroxide  prepared  by  the 
oxidation  of  ferrous  oxide  is  suspended,  and  also  sometimes  by  similar 
treatment  of  the  ordinary  hydroxide  after  it  has  been  for  a  long  time 
in  contact  with  water.  The  transition  of  one  hydroxide  to  another  is 
apparent  by  a  change  of  colour  ;  the  easily-soluble  hydroxide  is  redder, 
and  the  sparingly-soluble  hydroxide  more  yellow  in  colour.^^ 

The  nonnal  salts  of  the  composition  Fe^Xg  or  FeXg  correspond 
with  ferric  oxide — for  example,  the  exceedingly  volatileyerric  chloride, 
FegClp,  which  is  easily  prepared  in  the  anhydi'ous  state  by  the  action 
of  chlorine  on  heated  iron.^^     Such  also  is  the  normal  ferric  nitrate, 

-'  The  two  ferric  hydroxides  are  not  only  characterised  by  the  above-mentioned 
properties,  but  also  by  the  fact  that  the  first  hydroxide  forms  immediately  with  potassium 
ferrocyanide,  K4PeC,;Ne,  a  blue  colour  depending  on  the  formation  of  Prussian  blue, 
whilst  the  second  hydroxide  does  not  give  any  reaction  \?hafiever  with  this  salt.  The 
first  hydroxide  is  entirely  soluble  in  nitric,  hydrochloric,  and  all  other  acids;  whilst  the 
second  solnetinieS  (not  always)  forms  a  brick- coloured  liquid,  which  appears  turbid 
and  does  not  give  the  reactions  pecidiar  to  the  ferric. salts  (Pean  de  Saint-Grilles, 
Scheurer-Kestner).  In  addition  to  this,  when  the  smallest  quantity  of  an  alkaline  salt 
is-,  added  to  this  liquid,  feiTic  oxide  is  precipitated.  Thus  a  colloidal  solution  is  formed 
(hydrosol),  which  is  exactly  similar  to  silica  hydrosol  (Chapter  XVII.),  according  to 
which  example  the  Hydrosol  of  fen*ic  oxide  may  be  obtained. 

If  ordinary  ferric  hydroxide  be  dissolved  in  acetic  acid,  a  solution  of  the  colour  of  red 
wine  is  obtained,  which  has  all  the  reactions  characteristic  of  ferric  salts.  But  if  this 
solution  (formed  in  the  cold)  be  heated  to  the  boiling-point,  its  colour  is  very  rapidly 
intensified,  a.  smell  of  acetic  acid  becomes  apparent,  and  the  solution  then  contains  a 
new  variety  of  ferric  oxide.  If  the  boiling  of  the  solution  be  continued,  acetic  acid  is 
evolved,  and  the  modified  ferric  oxide  is  precipitated.  If  the  evaporation  of  the  acetic 
acid  be  prevented  {in  a  closed  or  sealed  vessel),  and  the  liquid  be  heated  for  some  time, 
the  whole  of  the  ferric  hydroxide  then  passes  into  the  insoluble  form,  and  if  some  alkaline 
salt  be  added  (to  the  hydrosol  formed),  the  whole  of  the  ferric  oxide  is  then  precipitated 
in  its  insoluble  form.  This  method  may  be  applied  for  separating  ferric  oxide  from 
solutions  of  its  salts. 

All  phenomena  observed  respecting  ferric  oxide  (colloidal  properties,  various  forms, 
formation  of  double  basic  salts)  demonstrate  that  this  substance,  like  silica,  alxunina, 
lead  hydroxide,  itc,  is  polymerised,  that  the  composition  is  represented  by  {Fe205)n. 

-5  The  ferric  compound  which  is  most  used  in  practice  (for  instance,  in  medicine,  for 
cauterismg,  stopping  bleeding,  &c. — Oleum  Martis)  is  ferric  chloride,  Fe^Cl,;,  easily 
obtained  by  dissolving  the  ordinary  hydrated  oxide  of  iron  in  hydrochloric  acid.  It  is 
obtained  in  the  anhydrous  state  by  the  action  of  chlorine  on  heated  iron.  The  experi- 
ment is  carried  on  in  a  porcelain  tube,  and  a  ^ohA^olatile  substance  is  then  formed  in 
the  shape  of  brilliant  violet  scales  which  very  readily  absorb  moisture  from  the  air,  and 
when  heated  with  water  decompose  into  crystalline  ferric  oxide  and  hydrochloric  acid ; 
Fe.iCle  +  3H.2O  =  6HC1  +  Fe.jOs-  Ferric  chloride  is  so  volatile  that  the  density  of  its 
vapour  may  be  determined.  At  440°  it  is  equal  to  164'0  referred  to  hydrogen ;  the 
formula  Fe^Clf;  corresponds  with  a  density  of  162-5.  An  aqueous  solution  of  this  salt 
has  a  brown  colour.  On  evaporating  and  cooling  this  solution,  crystals  separate  con- 
taining 6  or  12  molecules  of  H.^O.  Ferric  chloride  is  not  only  soluble  in  water,  bat  also 
in  alcohol  (similarly  to  magnesium  chloride,  &c.)  and  in  ether.  If  the  latter  solutions 
are  exposed  to  the  rays  of  the  sun  they  become  colourless,  and  deposit  ferrous  chloride, 
FeClo,  chlorine  being  disengaged.  After  a  certain  lapse  of  time,  the  aqueous  solutions 
of  ferric  cliloride  decompose  with  precipitation  of  a  basic  salt,  thus  demonstrating  the 
instability  of  ferric  chloride,  like  the  other  salts  of  ferric  oxide  (Note  22).     This  salt  is 
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Fe2(lSr03)e  ;  it  is  obtained  by  dissolving  iron  in  an  excess  of  nitric  acid, 

much  more  stable  in  the  form  of  double  salts,  like  all  the  ferric  salts  and  also  the 
salts  of  many  other  feeble  bases.  Potassium  or  ammonium  chloride  forms  with  it  rery 
beautiful  red  crystals  of  a  double  salt,  having  the  composition  Pe2Gl,i,4KCl,2H.,6. 
When  a  solution  of  this  salt  is  evaporated  it  decomposes,  with  separation  of  potassium 
chloride. 

B.  Eoozeboom  (1892)  studied  in  detail  (as  for  CaCl,,  Chapter  XIV,,  Xote  50)  the 
separation  of  different  hydrates  from  saturated  solutions  of  FsoCle  at  various  concen- 
trations and  temperatures ;  he  found  that  there  are  4  crystallohydi-ates  with  12,  7,  5,  and 
4  molecules  of  water.  An  orange  yellow  only  slightly  hygroscopic  hydrate,  Fe2Cl6,12H,0, 
is  most  easily  and  usually  obtained,  which  melts  at  37°  ;  its  solubility  at  different  tempera- 
tures is  represented  by  the  curve  BCD  in  the  accompanying  figure,  where  the  point  B 
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Fig.  95.— Diagram  of  the  solubility  of  Fe.Cl,. 
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corresponds  to  the  formation,  at  —  55°,  of  a  cryohydrate  containing  about  Fe.jCl,;  +  36H2O, 
the  point  C  corresponds  to  the  melting-point  (-f;!7°)  of  the  hydrate  Fe2Cl,„12H,.,0,  and 
the  curve  CD  to  the  fall  in  the  temperature  of  crystallisation  with  an  increase  in  the 
amount  of  salt,  or  decrease  in  the  amount  of  water  (in  the  figure  the  temperatures  are 
taken  along  the  axis  of  abscissas,  and  the  amount  of  n  in  the  formula  nFe,^Cly-t-  lOOH.O 
along  the  axis  of  ordinates).  Wlien  anhydrous  Fe-^Cl,;  is  added  to  the  above  hydrate 
(I2H2O),  or  some  of  the  water  is  evaporated  from  the  latter,  very  hygroscopic 
crystals  of  Fe.jCle,5H20  (Fritsche)  are  formed  ;  they  melt  at  56°,  their  solubility  is 
expressed  by  the  curve  HJ,  which  also  presents  a  small  branch  at  the  end  J.  This 
again  gives  the  fall  in  the  temperature  of  crystallisation  with  an  increase  in  the  amount 
of  Pe2Clg.  Besides  these  curves  and  the  solubility  of  the  anhydrous  salt  expressed  by 
the  line  KL  (up  to  100°,  beyond  which  chlorine  is  liberated),  Roozeboom  also  gives  tlie 
two  curves,  EFG  and  JK,  corresponding  to  the  crystallohydrates,  Fe2Clt;,7H20  (melts  at 
■^32°■5,  that  is  lower  than  any  of  the  others)  and  Fe2Clu,4H20  (melts  at  73°'5),  which 
he  discovered  by  a  systematic  research  on  the  solutions  of  ferric  cliloride.  The  curve 
AB  represents  the  separation  of  ice  from  dilute  solutions  of  the  salt. 

The  researches  of  the  same  Dutch  chemist  upon  the  conditions  of  the  formation  of 
crystals  from  the  double  salt  (NH.;Cl)4Fe2Clfi,2H20  are  even  more  perfect.  This  salt 
was  obtained  in  1839  by  Fritsche,  and  is  easily  formed  from  a  strong  solution  of  FcjCIh 
by  adding  sal-ammoniac,  when  it  separates  in  crimson  rhombic  crystals,  which,  after 
dissolving  in  water,  only  deposit  again  on  evaporation,  together  with  the  sal-ammoniac. 

Eoozeboom  (1892)  found  that  when  the  solution  contains  6  molecules  of  Fe^Clu,  and 
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taking  care  as  far  as  possible  to  prevent  any  rise  of  temperature.-^  The 
normal  salt  separates  from  the  brown  solution  when  it  is  concentrated 

a  molectUes  of  NH4CI,  per  100  molecules  H2O,  then  at  15°  one  of  the  following  separa- 
tions takes  place:  (1)  crystals,  F&.C1^,12H20,  when  a  varies  between  0  and  11,  and  b 
between  465  and  48,  or  (2)  a  mixture  of  these  crystals  and  the  double  salt,  when  a 
-^1*36,  and  6  =  4-47,  or  (3)  the  double  salt,  Fe.jCly,4NH4Cl,2H20,  when  a  varies 
between  2  and  11*8,  and  h  between  3"1  and  4*56,  or  (4)  a  mixture  of  sal-annnoniac  with 
the  iron  salt  (it  crystallises  in  separate  cubes,  Retgers,  Lehmann),  when  a  varies 
between  7"7  and  10'9,  and  h  is  less  than  3-38,  or  (5)  sal-ammoniac,  when  a  =  ll*88.  And 
as  in  the  double  salt,  a  :  &"4  :  1  it  is  evident  that  the  double  salt  only  separates  out 
when  the  ratio  a  :  &  is  less  than  4  :  1  {i.e.  when  Fe^Clg  predominates).     Tlie  above  is 

seen  more  clearly  in  the  accom- 
h=5-y        ^  panying  figure,  where  a,  or  the 

number  of  molecules  of  NH4CI 
per  lOOH^O,  is  taken  along  the 
axis  of  abscissee,  and  2>,  or  the 
number  of  molecules  of  Fe2Cl«, 
along  the  ordinates.  The  curv^es 
ABCD  con-espond  to  saturation 
and  present  an  iso-therm  of  15°. 
The  portion  AB  corresponds  to 
the  separation  of  chloride  of  iron 
( the  ascending  nature  of  this 
ciu-ve  shows  that  the  solubility  of 
Fe-^Clg  is  increased  by  the  pre- 
sence of  NH4CI,  while  that  of 
NH4CI  decreases  in  the  presence 
of  Fe-^Cls),  the  portion  BC  to  the 
double  salt,  and  the  portion  CD 
to  a  mixture  of  sal-ammoniac  and 
ferric  chloride,  while  the  straight 
line  OF  corresponds  to  the  ratio  Fe2Cl6,4NH4Cl,  or  a  :  6:: 4  : 1.  Tlie  portion  CE  shows 
that  more  double  salt  may  be  introduced  into  the  solution  without  decomposition,  but 
then  the  solution  deposits  a  mixture  of  sal-ammoniac  and  ferric  cliloride  (see  Chapter 
XXIV.  Note  9^'').  If  there  were  more  such  well-investigated  cases  of  solutions,  our 
knowledge  of  double  salts,  solutions,  the  influence  of  water,  equilibria,  isomorphoos 
mixtures,  and  such-like  provinces  of  chemical  relations  might  be  considerably  advajiced. 
^■^  The  normal  ferric  salts  are  decomposed  by  heat  and  even  by  water,  forming  basic 
salts,  which  may  be  prepared  in  various  ways.  Generally  ferric  hydroxide  is  dissolved 
in  solutions  of  ferric  nitrate ;  if  it  contains  a  double  quantity  of  iron  the  basic  salt  is 
formed  which  contains  Fe^Os  (in  the  form  of  hydroxide)  -l-2Fe2(NO5)6  =  3Fe2O(N05).j, 
a  salt  of  the  type  FegOXj.  Probably  water  enters  into  its  composition.  With  con- 
siderable quantities  of  ferric  oxide,  insoluble  basic  salts  are  obtained  containing  various 
amounts  of  ferric  hydroxide.  Thus  when  a  solution  of  the  above-mentioned  basic  acid 
is  boiled,  a  precipitate  is  formed  containing  4(Fe205)8,2(NQ05),3H20,  which  probably 
contains  2Fe202(N05)2  +  2Fe805,3H20.  If  a  solution  of  basic  nitrate  be  sealed  in  a 
tube  and  then  immersed  in  boiling  water,  the  colour  of  the  solution  changes  just  in 
the  same  way  as  if  a  solution  of  fen*ic  acetate  had  been  employed  (Note  22).  The 
solution  obtained  smells  strongly  of  nitric  acid,  and  on  adding  a  drop  of  sulphuric  or 
hydrochloric  acid  the  insoluble  variety  of  hydrated  ferric  oxide  is  precipitated. 

Normal  ferric  ortlwplio^hai  is  soluble  in  sulphuric,  hydrochloric,  and  nitric  acids, 
but  insoluble  in  others,  such  as,  for  instance,  acetic  acid.  The  composition  of  this  salt 
in  the  anhydrous  state  is  FeP04,  because  in  orthopho spheric  acid  there  are  three  atoms 
of  hydrogen,  and  iron,  in  the  ferric  state,  replaces  the  three  atoms  of  hydrogen.  This 
salt  is  obtained  from  ferric  acetate,  which,  with  disodium  phosphate,  forms  a  white  pre- 
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Fig.  96.— Diagram  of  the  formation,  at  15°,  of  the  double 
salt  Fe,Cl„4NH.C12HaO  or  Fe(NHJ^Cl5H^0.  (After 
Roozeboom.) 
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under  a  bell  jar  over  sulphuric  acid.  This  salt,  Fe2(N03),^,9H20,  then 
crystallises  in  well-formed  and  perfectly  colourless  crystals,  ^'^  which 
•deliquesce  in  air,  melt  at  35°,  and  are  soluble  in  and  decomposed  by 
water.  The  decomposition  may  be  seen  from  the  fact  that  the  solution 
is  broivn  and  does  not  yield  the  whole  of  the  salt  again,  but  gives 
partly  basic  salt.  The  normal  salt  (only  stable  in  the  presence  of  an 
■excess  of  HNO3)  is  completely  decomposed  with  great  facility  by  heat- 
ing with  water,  even  at  130°,  and  this  is  made  use  of  for  removing  iron 
(and  also  certain  other  oxides  of  the  form  112*^3)  fro^i  many  other 
bases  \of  the  form  RO)  whose  nitrates  are  far  more  stable.  The  ferric 
.salts,  FeXg,  in  passing  into  ferrous  salts,  act  as  oxidising  agents,  as  is 
«een  from  the  fact  that  they  not  only  liberate  S  from  SH2,  but  also 
iodine  from  KI  like  many  oxidising  agents.^'^^^^ 

■cypitate  of  FeP04,  containing  water.  .  If  a  solution  of  ferric  chloride  (yellowish-red 
colour)  be  mixed  with  a  solution  of  sodium  acetate  in  excess,  the  liquid  assumes  an 
intense  brown  colour  which  demonstrates  the  formation  of  a  certain  quantity  of  ferric 
acetate ;  then  the  disodium  phosphate  directly  forms  a  white  gelatinous  precipitate  of  ferric 
phosphate.  By  this  means  the  whole  of  the  iron  may  be  precipitated,  and  the  liquid  which 
was  brown  then  becomes  colourless.  If  this  normal  salt  be  dissolved  in  orthophosphoric 
acid,  the  crystalline  acid  salt  FeH5(P04).^  is  formed.  If  there  be  an  excess  of  ferric  oxide 
in  the  solution,  the  precipitate  will  consist  of  the  basic  salt.  If  ferric  phosphate  be 
dissolved  in  hydrochloric  acid,  and  ammonia  be  added,  a  salt  is  precipitated  on  lieating 
which,  after  continued  washing  in  water  and  heating  (to  remove  the  water),  has  the 
composition  'Fq^oO^-^ — that  is,  aPe^OjjP.jOs.  In  an  aqueous  condition  this  salt  may  be 
considered  as  ferric  hydroxide,  Pe2(0H)^,  in  which  (0H)5  is  replaced  by  the  equivalent 
^oup  PO4.  Whenever  ammonia  is  added  to  a  solution  containing  an  excess  of  ferric 
salt  and  a  certain  amount  of  phosphoric  acid,  a  precipitate  is  fonned  containing  the 
whole  of  the  phosphoric  acid  in  the  mass  of  the  fen-ic  oxide. 

Ferric  oxide  is  characterised  as  a  feeble  base,  and  also  by  the  fact  of  its  forming  double 
fialts — for  instance,  potassium  iron  alum^  which  has  a  composition  Fe.j(S04)5,K2SO,,, 
24K,0  or  FeK(S04)2,12EL20.  It  is  obtained  in  the  form  of  almost  colourless  or  light 
rose-coloured  large  octahedra  of  the  regular  system  by  simply  mixing  solutions  of 
potassium  sulphate  and  the  ferric  sulphate  obtained  by  dissolving  ferric  oxide  in  sul- 
phuric acid. 

2^  It  would  seem  that  all  normal  ferric  salts  are  colourless,  and  that  the  brown  coloui' 
which  is  peculiar  to  the  solutions  is  really  due  to  basic  ferric  salts.  A  remarkable 
example  of  the  apparent  change  of  colour  of  salts  is  represented  by  the  ferrous  and  ferric 
•oxalates.  The  former  in  a  dry  state  has  a  yellow  colour,  although  as  a  rule  the  ferrous 
salts  are  green,  and  the  latter  is  colourless  or  pale  green.  "When  the  normal  ferric  salt  is 
■dissolved  in  water  it  is,  like  many  salts,  probably  decomposed  by  the  water  into  acid 
and  basic  salts,  and  the  latter  communicates  a  brown  colour  to  the  solution.  Iron  alum 
is  almost  colourless,  is  easily  decomposed  by  water,  and  is  the  best  proof  of  our  asser- 
tion. The  study  of  the  phenomena  peculiar  to  ferric  nitrate  might,  in  my  opinion,  give 
a  very  useful  addition  to  our  knowledge  of  the  aqueous  solutions  of  salts  in  general. 

25  bis  Tjie  reaction  FeXg  +  KI  =  PeX^  +  KX -h  I  proceeds  comparatively  slowly  in  solu- 
tions, is  not  complete  (depends  upon  the  mass),  and  is  reversible.  In  this  connection  we 
may  cite  the  following  data  from  Seubert  and  Rohrer's  (1894)  comprehensive  researches. 
The  investigations  were  conducted  with  solutions  containing  -j^j  gram — equivalent 
weights  of  Fe2(S04)5  [i.e.'  containing  20  grams  of  salt  per  litre),  and  tt  corresponding 
solution  of  KI ;  the  amount  of  iodine  liberated  being  determined  (after  the  addition  of 
fitarch)  by  a  solution  (also  j\j  normal)  of  Na^SjOa  (see  Chapter  XX.,  Note  42).     The  pro- 
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Iron  forms  one  other  oxide  besides  the  ferric  and  ferrous  oxides  ;. 
this  contains  twice  as  much  oxygen  as  the  former,  but  is  so  very 
unstable  that  it  can  neither  be  obtained  in  the  free  state  nor  as  a 
hydrate.  Whenever  such  conditions  of  double  decomposition  occur  as- 
should  allow  of  its  separation  in  the  free  state,  it  decomposes  into 
oxygen  and  ferric  oxide.  It  is  known  in  the  state  of  salts,  and  is  only 
stable  in  the  presence  of  alkalis,  and  forms  salts  with  them  which  have 
a  decidedly  alkaline  reaction  ;  it  is  therefore  a  feebly  acid  oxide.  Thus 
when  small  pieces  of  iron  are  heated  with  nitre  or  potassium  chlorate 
a  potassium  salt  of  the  composition  K2Fe04  is  formed,  and  therefore 
the  hydrate  corresponding  with  this  salt  should  have  the  composition 
HjFeOj.  It  is  called  ferric  acid.  Its  anhydride  ought  to  contain 
FeO-j  or  Fe20|, — twice  as  much  oxygen  as  ferric  oxide.  If  a  solution 
of  potassium  ferrate  be  mixed  with  acid,  the  free  hydrate  ought 
to  be  formed,  but  it  immediately  decomposes  (2K2Fe04  +  5H2SO4 
=  2K2SO4  +  Fe2(S04)3  +  5H2O  +  O.,),  oxygen  being  evolved.  If  a 
small  quantity  of  acid  be  taken,  or  if  a  solution  of  potassium  ferrate 
be  heated  with  solutions  of  other  metallic  salts,  ferric  oxide  is  sepa- 
rated— for  instance  : 

2CUSO4  +  2K2Fe04  =  2K2SO4  +  O3  +  Fe203  +  2CuO. 

Both  these  oxides  are  of  course  deposited  in  the  form  of  hydrates. 
This  shows  that  not  only  the  hydrate  H2Fe04,  but  also  the  salts  of  the 
heavy  metals  corresponding  with  this  higher  oxide  of  iron,  are  not 
formed  by  reactions  of  double  decomposition.  The  solution  of  potas- 
sium ferrate  naturally  acts  as  a  powerful  oxidising  agent  ;  for  instance,, 
it  .transforms  manganous  oxide  into  the  dioxide,  sulphurous  intO' 
sulphuric  acid,  oxalic  acid  into  carbonic  anhydride  and  water,  (fcc.^" 
Iron  thus  combines  with  oxygen  in  three  proportions  :  RO,  Il203v 

gress  of  the  reaction  was  expressed  by  the  amount  of  hberated  iodine  in  percentages 
of  the  theoretical  amount.  For  instance,  the  following  amount  of  iodide  of  potassium 
was  decomposed  when  Fe2{S04)5  4-2MKI  was  taken  : 


n  = 

1 

2 

3 

6 

10 

20 

After  15' 

11-4 

26-3 

40-6 

73-5 

91-11 

96-0 

„      30' 

14-0 

35-8 

47-8 

78-5 

94-3 

97-4 

„        1  hour 

19-0 

42-7 

560 

84-0 

95-7 

97-6 

„      10    „ 

32-6 

560 

75-7 

93-2 

96-5 

97-6 

„     is   „ 

39-4 

67-7 

82-6 

93-4 

96-6 

97-6 

Similar  results  were  obtained  for  FeCln,  but  then  the  amount  of  iodine  liberated  was 
somewhat  greater.  Similar  results  were  also  obtained  by  increasing  the  mass  of  FeXj. 
per  KI,  and  by  replacing  it  by  HI  (see  Chapter  XXI.,  Note  26). 

-•^  If  chlorine  be  i^assed  through  a  strong  solution  of  potassium  hydroxide  in  which 
hydrated  ferric  oxide  is  suspended,  the  turbid  liquid  acquires  a  dark  pomegranate -red 
colour  and  contains  potassimn  ferrate  :  lOKHO  +  FeaOj  +  SClg  =  2KoFe04  +  6KC1  -I-  SHgO. 
The  chlorine  must  not  be  in  excess,  otherwise  the  salt  is  again  decomposed,  although  the 
mode  of  decomposition  is  unknown ;  however,  ferric  chloride  and  potassium  chlorate 
are  probably  formed.     Another  way  in  which  the  above- described  salt  is  formed  is  also 
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and  E.O3.  Tt  might  have  been  expected  that  there  would  be  inter- 
mediate stages  ROg  (corresponding  to  pyrites  FeSa)  a^d  R2O.3)  but  for 
iron  these  are  unknown.  ^^^^^^  The  lower  oxide  has  a  distinctly  basic 
character,  the  higher  is  feebly  acid.  The  only  one  which  is  stable  in 
the  free  state  is  ferric  oxide,  FcgOg  ;  the  suboxide,  FeO,  absorbs 
oxygen,  and  ferric  anhydride,  FeO.-^,  evolves  it.  It  is  also  the  same 
for  other  elements  ;  the  character  of  each  is  determined  by  the  relative 
degree  of  stability  of  the  known  oxides.  The  salts  FeX2  correspond 
with  the  suboxide,  the  salts  FeXg  or  FeaX^  with  the  sesquioxide,  and 
FeXg  represents  those  of  ferric  acid,  as  its  potassium  salt  is  Fe02(OK)2, 
corresponding  with  K2SO4,  K2Mn04,  K2Cr04,  &c.  Iron  therefore 
forms  compounds  of  the  types  FeXa,  FeXg,  and  FeX^,  but  this  latter, 
like  the  type  XX-^,  does  not  appear  separately,  but  only  when  X  re- 
presents heterogeneous  elements  or  groups  ;  for  instance,  for  nitrogen 
in  the  form  of  NOglOH),  XH4CI,  &c.,  for  iron  in  the  form  of 
re02(OK)2.  But  still  the  type  FeXg  exists^  and  therefore  FeXg  and 
FeXgare  compounds  which,  like  ammonia,  JSTHg,  are  capable  of  further 
combinations  up  to  FeX^ ;  this  is  also  seen  in  the  property  of 
ferrous  and  ferric  salts  of  forming  compounds  with  water  of  crystallisa- 
tion, besides  double  and  basic  salts,  whose  stability  is  determined  by 
the  quality  of  the  elements  included  in  the  types  FeX2  and  FeX^.^*^  ^^^ 
It  is  therefore  to  be  expected  that  there  should  be  complex  compounds 

remarkable ;  a  galvanic  current  (from  6  Grove  elements)  is  passed  through  cast-iron 
and  platinum  electrodes  into  a  strong  solution  of  potassiima  hydroxide.  The  cast- 
iron  electrode  is  connected  with  the  positive  pole,  and  the  platinum  electrode  is  sur- 
rounded by  a  porous  earthenware  cylinder.  Oxygen  would  be  evolved  at  the  cast- 
iron  electrode,  but  it  is  used  up  in  oxidation,  and  a  dark  solution  of  potassium  ferrate  is 
therefore  formed  about  it.  It  is  remarkable  that  the  cast  iron  cannot  be  replaced  by 
wrought  iron. 

26  bis  "^Vlien  Mond  and  his  assistants  obtained  the  remarkable  volatile  compound 
Ni{C0)4  {described  later.  Chapter  XXII.),  it  was  shown  subsequently  by  Mond  and 
Quincke  (1891),  and  also  by  Berthelot,  that  iron,  under  certain  conditions,  in  a  stream  of 
carbonic  oxide,  also  volatilises  and  forms  a  compound  like  that  given  by  nickel.  Roscoe 
and  Scudder  then  showed  that  when  water  gas  is  passed  through  and  kept  under 
pressure  (8  atmospheres)  in  iron  vessels  a  portion  of  the  iron  volatilises  from  the 
sides  of  the  vessel,  and  that  when  the  gas  is  burnt  it  deposits  a  certain  amount  of  oxides 
of  iron  (the  same  result  is  obtained  with  ordinary  coal  gas  which  contains  a  small  amount 
of  CX)).  To  obtain  the  volatile  com^ot^nd  of  iron  with  carbonic  oxide,  Mond  prepared 
a  finely  divided  iron  by  heating  the  oxalate  in  a  stream  of  hydrogen,  and  after  cooling  it 
to  80° — 45°  he  passed  CO  over  the  powder.  The  iron  then  formed  (although  very  slowly) 
a  volatile  compound  containing  Fe(C0)5  (as  though  it  answered  to  a  very  liigh  type, 
FeXjo),  which  when  cooled  condenses  into  a  liquid  (slightly  coloured,  probably  owing  to 
incipient  decomposition),  sp.  gr.  1'47,  which  solidifies  at  —21°,  boils  at  about  103*^,  and 
has  a  vapour  density  (about  6'5  with  respect  to  air)  corresponding  to  the  above  formula; 
it  decomposes  at  180°.  Water  and  dilute  acids  do  not  act  upon  it,  but  it  decomposes 
under  the  action  of  light  and  forms  a  hard,  non-volatile  crystalline  yellow  compound 
Fe2(C0)7  which  decomposes  at  80°  and  again  forms  Fe(C0)5. 

26  ti-i  "^hen  the  molecular  Fe2Cl6  is  produced  instead  of  FeCl^  this  complication  of 
the  type  also  occurs. 


346  PfiiNl'IPLEa   OF   CIIEMISTKY 

derived  from  ferrous  and  ferric  oxides.  Amongst  these  the  series 
of  cyanogen  compounds  is  particularly  interesting  ;  their  formation 
and  character  is  not  only  determined  by  the  property  which  iron 
possesses  of  forming  complex  types,  but  also  by  the  similar  faculty  of 
the  cyanogen  compounds,  which,  like  nitriles  (Chapter  IX.),  have 
clearly  developed  properties  of  polymerisation  and  in  general  of  forming 
complex  compounds.  ^^ 

In  the  cyanogen  compounds  of  iron,  two  degrees  might  be  expected  : 
Fe(CN)2,  corresponding  with  ferrous  oxide,  and  Fe(CN\,,  correspond- 
ing with  ferric  oxide.  There  are  actually,  however,  many  other  known 
compounds,  intermediate  and  far  more  complex.  They  correspond 
with  the  double  salts  so  easily  formed  by  metallic  cyanides.  The  two 
following  double  salts  are  particularly  well  known,  very  stable,  often 
used,  and  easily  prepared.  Potassium ferrocyanide  or  yellow  prussiaie 
of  potash,  a  double  salt  of  cyanide  of  potassium  and  ferrous  cyanide, 
has  the  composition  reC2N2;4KCN  ;  its  crystals  contain  3  mol.  of  water  : 
K4FeC5N5,3H20.  The  other  is  potassium  ferricyanide  or  red prussiate 
of  potash.  It  is  also  known  as  Gmelin's  salt,  and  contains  cyanide  of 
potassium  with  ferric  cyanide ;  its  composition  is  Fe(CN)3,3KCN  or 
KjFeCgNj.  Its  crystals  do  not  contain  water.  It  is  obtained  from 
the  first  by  the  action  of  chlorine,  which  removes  one  atom  of  the 
potassium.  A  whole  series  of  other  ferrocyanic  compounds  correspond 
with  these  ordinary  salts. 

Before  treating  of  the  preparation  and  properties  of  these  two 
remarkable  and  very  stable  salts,  it  must  be  observed  that  with  ordi- 
nary reagents  neither  of  them  gives  the  same  double  decompositions 
as  the  other  ferrous  and  ferric  salts,  and  they  both  present  a  series  of 
remarkable  properties.  Thus  these  salts  have  a  neutral  reaction,  are 
unchanged  by  air,  dilute  acids,  or  water,  unlike  potassium  cyanide  and 
even  some  of  its  double  salts.  When  solutions  of  these  salts  are  treated 
with  caustic  alkalis,  they  do  not  give  a  precipitate  of  ferrous  or  ferric 
hydroxides,  neither  are  they  precipitated  by  sodium  carbonate.  This 
led  the  earlier  investigators  to  recognise  special  independent  groupings 
in  them.  The  yellow  prussiate  was  considered  to  contain  the  complex 
radicle  FeCgN^  combined  with  potassium,  namely  with  K4,  and  Kj 
was  attributed  to  the  red  prussiate.  This  was  confirmed  by  the  fact 
that  whilst  in  both  salts  any  other  metal,  even  hydrogen,  might  be 
substituted  for  potassium,  the  iron  remained  unchangeable,  just  as 
nitrogen   in    cyanogen,  ammonium,  and   nitrates  does  not  enter  into 

2^  Some  light  may  be  thrown  upon  the  faculty  of  Fe  of  forming  various  compounds  with 
CN,  by  the  fact  that  Pe  not  only  combines  with  carbon  but  also  with  nitrogen.  Nitride 
of  iron  Fe.^N  was  obtained  by  Fowler  by  heating  finely  powdered  iron  in  a  stream  of 
NH^  at  the  temperature  of  melting  lead. 
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double  decomposition,  being  in  the  state  of  the  complex  radicles  CN, 
NH4,  NO2.  Such  a  representation  is,  however,  completely  superfluous 
for  the  explanation  of  the  peculiarities  in  the  reactions  of  such  com- 
pounds as  double  salts.  If  a  magnesium  salt  which  can  be  precipitated 
by  potassium  hydroxide  does  not  form  a  precipitate  in  the  presence  of 
ammonium  chloride,  it  is  very  clear  that  it  is  owing  to  the  formation 
of  a  soluble  double  salt  which  is  not  decomposed  by  alkalis.  And 
there  is  no  necessity  to  account  for  the  peculiarity  of  reaction  of  a 
double  salt  by  the  formation  of  a  new  complex  radicle.  In  the  same 
way  also,  in  the  presence  of  an  excess  of  tartaric  acid,  cupric  salts  do 
not  form  a  precipitate  with  potassium  hydroxide,  because  a  double  salt 
is  formed.  These  peculiarities  are  more  easily  understood  in  the  case 
of  cyanogen  compounds  than  in  all  others,  because  all  cyanogen  com- 
pounds, as  unsaturated  compounds,  show  a  marked  tendency  to 
complexity.  This  tendency  is  satisfied  in  double  salts.  The  appear- 
ance of  a  peculiar  character  in  double  cyanides  is  the  more  easily 
understood  since  in  the  case  of  potassium  cyanide  itself,  and  also  in 
hydrocyanic  acid,  a  great  many  peculiarities  have  been  observed 
which  are  not  encountered  in  those  haloid  compounds,  potassium 
chloride  and  hydrochloric  acid,  with  which  it  was  usual  to  compare 
cyanogen  compounds.  These  peculiarities  become  more  comprehensible 
on  comparing  cyanogen  compounds  with  ammonium  compounds.  Thus 
in  the  presence  of  ammonia  the  reactions  of  many  compounds  change 
considerably.  If  in  addition  to  this  it  is  remembered  that  the 
presence  of  many  carbon  (organic)  compounds  frequently  completely 
disturbs  the  reaction  of  salts,  the  peculiarities  of  certain  double  cyanides 
will  appear  still  less  strange,  because  they  contain  carVjon.  The  fact 
that  the  presence  of  carbon  or  another  element  in  the  compound  pro- 
duces a  change  in  the  reactions,  may  be  compared  to  the  action  of 
oxygen,  which,  when  entering  into  a  combination,  also  very  materially 
changes  the  nature  of  reactions.  Chlorine  is  not  detected  by  silv^^r 
nitrate  when  it  is  in  the  form  of  potassium  chlorate,  KCIO3,  as  it  is 
detected  in  potassium  chloride,  KCl.  The  iron  in  ferrous  and  ferric 
compounds  varies  in  its  reactions.  In  addition  to  the  above-mentioned 
facts,  consideration  ought  to  be  given  to  the  circumstance  that  the 
easy  mutability  of  nitric  acid  undergoes  modification  in  its  alkali 
salts,  and  in  general  the  properties  of  a  salt  often  diflfer  much  from 
those  of  the  acid.  Every  double  salt  ought  to  be  regarded  as  a  pecu- 
liar kind  of  saline  compound  :  potassium  cyanide  is,  as  it  were,  a  basic, 
and  ferrous  cyanide  an  acid,  element.  They  may  be  unstable  in  the 
separate  state,  but  form  a  stable  double  compound  when  combined 
together  ;  the  act  of  combination  disengages  the  energy  of  the  elements. 
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and  they,  so  to  speak,  saturate  each  other.  Of  course,  all  this  is  not  a 
definite  explanation,  but  then  the  supposition  of  a  special  complex  radicle 
can  even  less  be  regarded  as  such. 

Potassium  ferrocyanide,  KjFeCijNg,  is  very  easily  formed  by  mixing 
solutions  of  ferrous  sulphate  and  potassium  cyanide.  First,  a  white 
precipitate  of  ferrous  cyanide,  FeCjXj,  is  formed,  which  becomes  blue 
on  exposure  to  air,  but  is  soluble  in  an  excess  of  potassium  cyanide 
forming  the  ferrocyanide.  The  same  yellow  prussiate  is  obtained  on 
heating  animal  nitrogenous  charcoal  or  animal  matters — such  as 
horn,  leather  cuttings,  &c. — with  potassium  carbonate  in  iron 
vessels, ^^  ^'^  the  mass  formed  being  afterwards  boiled  with  water  with 
exposure  to  air,  potassium  cyanide  first  appearing,  which  gives  yellow 
prussiate.  The  animal  charcoal  may  be  exchanged  for  wood  charcoal, 
permeated  with  potassium  carbonate  and  heated  in  nitrogen  or 
ammonia  ;  the  mass  thus  produced  is  then  boiled  in  water  with  ferric 
oxide.^'  In  this  manner  it  is  manufactured  on  the  large  scale,  and  is 
called  'yellow  prussiate'  ('prussiate  de  potasse,'  Blutlaugensalz). 

It  is  easy  to  substitute  other  metals  for  the  potassium  in  the  yellow 
prussiate.  The  hydrogen  salt  or  hydroferrocyanic  acid,  H4FeC|;N|j,  is 
obtained  by  mixing  strong  solutions  of  yellow  prussiate  and  hydro- 
chloric acid.  If  ether  be  added  and  the  air  excluded,  the  acid  is 
obtained  directly  in  the  form  of  a  white  scarcely  crystalline  precipitate 
which  becomes  blue  on  exposure  to  air  (as  ferrous  cyanide  does  from  the 
formation  of  blue  compounds  of  ferrous  and  ferric  cyanides,  and  it  is 
on  this  account  used  in  cotton  printing).  It  is  soluble  in  water  and 
alcohol,  but  not  in  ether,  has  marked  acid  properties,  and  decomposes 
carbonates,  which  renders  it  easily  possible  to  prepare  ferrooyanides  of 

-'  ""'s  The  sulphur  of  the  auimal  refuse  here  forms  the  compound  FeKSj,  which 
by  the  action  of  potassium  cyanide  yields  potassium  sulphide,  tliiocyanate,  and  ferro- 
cyanide. 

^  Potassium  ferrocyanide  may  also  be  obtained  from  Prussian  blue  by  boiling  with  a 
solution  of  potassium  hydroxide,  and  from  the  ferricyanide  by  the  action  of  alkalis  and 
reducing  substances  (because  the  red  prussiate  is  a  product  of  oxidation  produced  by 
the  action  of  chlorine  :  a  fen-ic  salt  is  reduced  to  a  ferrous  salt),  &c.  In  many  worSs 
(especially  in  Germany  and  France)  yellow  prussiate  is  prepared  from  the  mass,  con- 
taining oxide  of  iron,  and  employed  for  purifying  coal  gas  (Vol.  I.,  p.  361),  which 
generally  contains  cyanogen  compounds.  About  2  p.c.  of  the  nitrogen  contained  in  coal  is 
converted  into  cyanogen,  which  forms  Prussian  blue  and  thiocyanates  in  the  mass  used 
for  purifying  the  gas.  On  evaporation  the  solution  yields  large  yellow  crystals  containing 
3  molecules  of  water,  which  is  easily  expelled  by  heating  above  100°.  100  parts  of  water 
at  the  ordinary  temperature  ai-e  capable  of  dissohdng  '25  parts  of  this  salt ;  its  sp.  gr.  is 
XSo.  "When  ignited  it  forms  potassimn  cyanide  and  iron  carbide,  FeC2  (Chapter  XIII., 
Xote  12).  Oxidising  substances  change  it  into  potassium  ferricyanide.  With  strong 
sulphuric  acid  it  gives  carbonic  oxide,  and  with  dilute  sulphuric  acid,  when  heated, 
prussic  acid  is  evolved  according  to  the  equation :  2K,,FeC6N6  -I-  SHoSOj  =  KoFeiCeNs 
-r3KoS04  4-6HCN;  hence  in  the  yellow  prussiate  Ko  replaces  Fe. 
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the  metals  of  the  alkalis  and  alkaline  earths  ;  these  are  readily  soluble, 
have  a  neutral  reaction,  and  resemble  the  yellow  prussiate.  Solutions 
of  these  salts  form  precipitates  with  the  salts  of  other  metals,  because  the 
ferrocyanides  of  the  heavy  metals  are  insoluble.  Here  either  the  whole 
of  the  potassium  of  the  yellow  prussiate,  or  only  a  part  of  it,  is  exchanged 
for  an  equivalent  quantity  of  the  Jieavy  metal.  Thus,  when  a  cupric 
salt  is  added  to  a  solution  of  yellow  prussiate,  a  red  precipitate  is  obtained 
which  still  contains  half  the  potassium  of  the  yellow  prussiate  : 

K,FeC5N5  +  CuS04  =  K2CuFeC(,N5  +  K2S04.. 

But  if  the  process  be  reversed  (the  salt  of  copper  being  then  in  excess) 
the  whole  of  the  potassium  will  be  exchanged  for  copper,  forming  a 
reddish-brown  precipitate,  CujFeCjNgjOHjO.  This  reaction  and 
those  similar  to  it  are  very  sensitive  and  may  be  used  for  detecting 
metals  in  solution,  more  especially  as  the  colour  of  the  precipitate 
very  often  shows  a  marked  difference  when  one  metal  is  exchanged 
for  another.  Zinc,  cadmium,  lead,  antimony,  tin,  silver,  cuprous  and 
aurous  salts  form  white  precipitates ;  cuprio,  uranium,  titanium 
and  molybdenum  salts  reddish-hrown ;  those  of  nickel,  cobalt, 
and  chromium,  green  precipitates  ;  tvith  ferrous  salts,  ferrocyanide 
forms,  as  has  been  already  mentioned,  a  white  precipitate — namely, 
FejFeOgNj,  or  FeC2N2^which  turns  blue  on  exposure  to  air,  and 
with  ferric  salts  a  hhie  precipitate  called  Prussian  blue.  Here  the 
potassium  is  replaced  by  iron,  the  reaction  being  expressed  thus  : 
2Fe2Clo  +  3K4FeCgN6  =  12KCl  +  Fe4Fe3C,8]Sr,8,  the  latter  formula 
expressing  the  composition  of  Prussian  blue.  It  is  therefore  the 
compound  4Fe(C]Sl')3-|-3Fe(C]Sr)2.  The  yellow  prussiate  is  prepared  in 
chemical  works  on  a  large  scale  especially  for  the  manufacture  of  this 
blue  pigment,  which  is  used  for  dyeing  cloth  and  other  fabrics  and 
also  as  one  of  the  ordinary  blue  paints.  It  is  insoluble  in  water,  and 
the  stuflFs  are  therefore  dyed  by  first  soaking  them  in  a  solution  of  a 
ferric  salt  and  then  in  a  solution  of  yellow  prussiate.  If  however 
an  excess  of  yellow  prussiate  be  present  complete  substitution  between 
potassium  and  iron  does  not  occur,  and  soluble  Prussian  blue  is 
formed  ;  KFe2(CN")e=  KCN,Fe(CN)2,Fe(CN)3.  This  blue  salt  is 
colloidal,  is  soluble  in  pure  water,  but  insoluble  and  precipitated 
when  other  salts — for  instance,  potassium  or  sodium  chloride — are 
present  even  in  small  quantities,  and  is  therefore  first  obtained  as  a 
precipitate.^^ 

^'  Skraup  obtained  this  salt  both  from  potassium  ferrocyanide  with  ferric  chloride 
and  from  ferricyanide  with  ferrous  chloride,  which  evidently  shows  that  it  contains  iron 
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Potassium  ferricyanide.  or  red  p7-ussiate  of  potash,  K3FeCgN{;,  is 
called  'Gmelin's  salt,'  because  this  savant  obtained  it  by  the  action 
of  chlorine  on  a  solution  of  the  yellow  prussiate  :  K4FeCgNg  +  Cl 
=  KgFeC^Nij+XCl.  The  reaction  is  due  to  the  ferrous  salt  being 
changed  by  the  action  of  the  chlorine  into  a  ferric  salt.  It  separates 
from  solutions  in  anhydrous,  well-formed  prisms  of  a  red  colour,  but 
tke  solution  has  an  olive  colour  ;  100  parts  of  water,  at  10°,  dis- 
solve 37  parts  of  the  salt,  and  at  100°,  78  parts. ^°  The  red  prus- 
siate gives  a  blue  precipitate  with  ferrous  salts,  called  TurnhulVs  hluBy 
very  much  like  Prussian  blue  (and  the  soluble  variety),  because  it  also 
contains  ferrous  cyanide  and  ferric  cyanide,  although  in  another  propor- 

in  both  the  ferric  and  ferrous  states.     "With  ferrous  chloride  it  forms  Prussian  blue,  and 
with  ferric  chloride  Tumbull's  blue. 

Prussian  blue  was  discovered  in  the  beginning  of  the  last  century  by  a  Berlin 
manufacturer,  Diesbach.  It  was  then  prepared,  as  it  sometimes  is  also  at  present, 
directly  from  potassium  cyanide  obtained  by  heating  animal  charcoal  with  potassium 
carbonate.  The  mass  thus  obtained  is  dissolved  in  water,  alum  is  added  to  the 
solution  in  order  to  saturate  the  free  alkali,  and  then  a  solution  of  green  vitriol  is  added 
which  has  previously  been  sufficiently  exposed  to  the  air  to  contain  both  fenic  and 
ferrous  salts.  If  the  solution  of  potassium  cyanide  be  mixed  with  a  solution  containing 
both  salts,  Prussian  blue  will  be  formed,  because  it  is  a  compound  of  ferrous  cyanide, 
FeC.jNa,  and  ferric  cyanide,  Fe^iCnX,,.  A  ferric  salt  with  poiassium  ferrocyanide  forms 
a  blue  colour,  because  ferrous  cyanide  is  obtained  from  the  first  salt  and  ferric  cyanide 
from  the  second.  During  the  preparation  of  this  compound  alkali  must  be  avoided,  as 
otherwise  the  precipitate  would  contain  oxides  of  iron.  Prussian  blue  has  not  a  crystal- 
line-structure ;  it  forms  a  blue  mass  with  a  copper-red  metallic  lustre.  Both  acids  and 
alkalis  a«t  on  it.  The  action  is  at  first  confined  to  the  ferric  salt  it  contains.  Thus 
alkalis  form  ferric  oxide  and  ferrocyanide  in  solution:  2Fe2CtiN6,3FeC2N2-l-12KHO 
=  2(Fe20-;,SH.)0)  +  SK^FeC.jNjj.  Various  ferrocyanides  may  thus  be  prepared.  Prussian 
blue  is  soluble  in  an  aqueous  solution  of  oxalic  acid,  forming  blue  ink.  In  air,  when 
exposed  to  the  action  of  light,  it  fades;  but  in  the  dark  again  absorbs  oxygen  and 
becomes  blue,  which  fact  is  also  sometimes  noticed  in  blue  cloth.  An  excess  of  potassium 
ferrocyanide  renders  Prussian  blue  soluble  in  water,  although  insoluble  in  various  saline 
solutions — that  is,  it  converts  it  into  the  soluble  variety.  Strong  hydrochloric  acid  also 
dissolves  PrussiaJi  blue. 

^  An  excess  of  chlorine  must  not  be  employed  in  preparing  this  compound,  otherwise 
the  reaction  goes  further.  It  is  easy  to  find  out  when  the  action  of  the  chlorine  on  potassium 
ferrocyanide  must  cease  ;  it  is  only  necessary  to  take  a  sample  of  the  liquid  and  add  a 
solution  of  a  ferric  salt  to  it.  If  a  prpcipitate  of  Prussian  blue  is  formed,  more  chlorine 
must  be  added,  as  there  is  still  some  undecomposed  ferrocyanide,  for  the  ferricyanide 
does  not  give  a  precipitate  with  ferric  salts.  Potassium  ferricyanide,  like  the  ferro- 
cyanide, easily  exchanges  its  potassium  for  hydrogen  and  various  metals  by  double 
decomposition.  With  the  salts  of  tin,  silver,  and  mercury  it  forms  yellow  precipitates, 
and  with  those  of  uranium,  nickel,  cobalt,  copper,  and  bismuth  brown  precipitates.  The 
lead  salt  under  the  action  of  sulphuretted  hydrogen  forms  lead  sulphide  and  a  hydrogen 
salt  or  acid,  HsFeCgNe,  corresponding  with  potassium  ferricyanide,  which  is  soluble, 
crystallises  in  red  needles,  and  resembles  hydroferrocyanic  acid,  B^FeCyN^.  Under  the 
action  of  reducing  agents — for  instance,  sulphuretted  hydrogen,  copper — potassium  ferri- 
cyanide is  changed  into  ferrocyanide,  especially  in  the  presence  of  alkalis,  and  thus  forms 
a  rather  energetic  oxidising  a-^e?? f— capable,  for  instance,  of  changing  manganous  oxide 
into  dioxide,  bleaching  tissues,  ttc. 
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tion,  being  formed  according  to  the  equation:  3FeCl2H-2K3FeC(jNc 
=6KCl  +  Fe3Fe2Ci2Ni2,  or  SFeCy^tTa^FesCeNg  ;  in  Prussian  blue  we 
haveFe-Cyis,  and  here  Fer,Cyi2-  A  ferric  salt  ought  to  form  ferric 
cyanide  FeaCgN^,  with  red  prussiate,  but  ferric  cyanide  is  soluble, 
and  therefore  no  precipitate  is  obtained,  and  the  liquid  only  becomes 
brown.  ^' 

If  chlorine  and  sodium  are  representatives  of  independent  groups, 
of  elements,  the  same  may  also  be  said  of  iron.  Its  nearest  ana- 
logues show,  besides  a  similarity  in  character,  a  likeness  as  regards, 
physical  properties  and  m  proximity  in  atomic  weight.  Iron  occupies  a 
medium  position  amongst  its  nearest  analogues,  both  with  respect  to 
properties  and  faculty  of  forming  saline  oxides,  and  also  as  regards 
atomic  weight.     On  the  one  hand,  cobalt,  58,  and  nickel,  59,  approach 

51  It  is  important  to  mention  a  series  of  readily  crystal  Usable  salts  formed  by  the- 
action  of  nitric  acid  on  potassium  and  other  ferrocyanides  and  ferricyanides.  These 
salt  contain  the  elements  of  nitric  oxide,  and  are  therefore  called  nitro-{nitroso)' 
ferricyanides  (iiitroprussides).  Generally  a  crystalline  sodium  salt  is  obtained,. 
NaaFeCsNeOjSH^O.  In  its  composition  this  salt  differs  from  the  red  sodium  salt, 
NasFeCfiNg,  by  the  fact  that  in  it  one  molecule  of  sodium  cyanide,  NaCN,  is  replaced  by 
nitric  oxide,  NO.  In  order  to  prepare  it,  potassium  ferrocyanide  in  powder  is  mixed 
with  five-sevenths  of  its  weight  of  nitric  acid  diluted  with  an  equal  volume  of  water. 
The  mixture  is  at  first  left  at  the  ordinary  temperature,  and  then  heated  on  a 
water-bath.  Here  ferricyanide  is  first  of  all  formed  (as  shown  by  the  liquid  giving  a- 
precipitate  with  ferrous  chloride),  which  then  disappears  (no  precipitate  with  ferrous, 
chloride),  and  forms  a  green  precipitate.  The  liquid,  when  cooled,  deposits  crystals- 
of  nitre.  The  liquid  is  then  strained  off  and  mixed  with  sodium  carbonate,  boiled,, 
filtered,  and  evaporated;  sodium  nitrate  and  the  salt  described  are  deposited  in  crystals. 
It  separates  in  prisms  of  a  red  colour.  Alkalis  and  salts  of  the  alkaline  earths  do  not. 
give  precipitates  :  they  are  soluble,  but  the  salts  of  iron,  zinc,  copper,  and  silver  form 
precipitates  where  sodium  is  exchanged  with  these  metals.  It  is  remarkable  that  the 
sulphides  of  the  alkali  metals  give  with  this  salt  an  intense  bright  purple  coloration. 
This  series  of  compounds  was  discovered  by  Gmelin  and  studied  by  Playfair  and  others 
(1849). 

This  series  to  a  certain  extent  resembles  the  nitro- sulphide  series  described  by 
RoUBsin.  Here  the  primary  compound  consists  of  black  crystals,  which  are  obtained  as 
follows  : — Solutions  of  potassium  hydrosulphide  and  nitrate  are  mixed,  a-nd  the  mixture 
is  agitated  whilst  fen'ic  chloride  is  added,  then  boiled  and  filtered ;  on  cooling,  black 
crystals  are  deposited,  having  the  composition  FeuS,-,  (NO)io,H^O  (Rosenberg),  or,  accord- 
ing to  Demel,  FeNO.^jNHgS.  They  have  a  slightly  metallic  lustre,  and  are  soluble  in 
water,  alcohol,  and  ether.  They  absorb  the  latter  as  easily  as  calcium  chloride  absorbs 
water.  In  the  presence  of  alkalis  these  crystals  remain  unchanged,  but  with  acids  they 
evolve  nitric  oxides.  There  are  several  compounds  which  are  capable  of  interchanging, 
and  correspond  with  Eoussin's  salt.  Here  we  enter  into  the  series  of  the  nitrogen 
compounds  which  have  been  as  yet  but  little  investigated,  and  will  most  probably  in 
time  form  most  instructive  material  for  studying  the  nature  of  that  element.  These 
series  of  compounds  are  as  unlike  the  usual  saline  compounds  of  inorganic  chemistry  as 
are  organic  hydrocarbons.  There  is  no  necessity  to  describe  these  series  in  detail,  because 
their  connection  with  othei  compounds  is  not  yet  clear,  and  they  have  not  yet  any 
application. 
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iron,  56  ;  they  are  metals  of  a  more  basic  character,  they  do  not  form 
stable  acids  or  higher  degrees  of  oxidation,  and  are  a  transition  to 
copper,  63,  and  zinc,  65.  On  the  other  hand,  manganese,  55,  and 
chromium,  52,  are  the  nearest  to  iron  ;  they  form  both  basic  and  acid 
■oxides,  and  are  a  transition  to  the  metals  possessing  acid  properties. 
In  addition  to  having  atomic  weights  approximately  alike,  chromium, 
manganese,  iron,  cobalt,  nickel,  and  copper  have  also  nearly  the  same 
specific  gravity,  so  that  the  atomic  volumes  and  the  molecules  of  their 
analogous  compounds  are  also  near  to  one  another  (see  table  at  the 
beginning  of  this  volume).  Besides  this,  the  likeness  between  the 
above-mentioned  elements  is  also  seen  from  the  following  : 

They  form  suboxides,  RO,  fairly  energetic  bases,  isomorphous  with 
magnesia — for  instance,  the  salt  RS04,7H^>0,  akin  to  MgSO^jTHjO, 
and  FeS04,7H20,  or  to  sulphates  containing  less  water  ;  with  alkali 
sulpliates  all  form  double  salts  crystallising  with  6H2O  ;  all  are  capable 
of  forming  ammonium  salts,  &c.  The  lower  oxides,  in  the  cases  of 
nickel  and  cobalt,  are  tolerably  stable,  are  not  easily  oxidised  (the 
nickel  compound  with  more  difficulty  than  cobalt,  a  transition  to 
•copper)  ;  with  manganese,  and  especially  with  chromium,  they  are 
more  easily  oxidised  than  with  iron  and  pass  into  higher  oxides. 
They  also  form  oxides  of  the  form  RjOj)  ^.nd  with  nickel,  cobalt, 
and  manganese  this  oxide  is  very  unstable,  and  is  more  easily  reduced 
than  ferric  oxide  ;  but,  in  the  case  of  chromium,  it  is  very  stable,  and 
forms  the  ordinary  kind  of  salts.  It  is  isomorphous  with  ferric  oxide, 
forms  alums,  is  a  feeble  base,  <&c.  Chromium,  manganese,  and  iron  are 
oxidised  by  alkali  and  oxidising  agents,  forming  salts  like  Na.jSO^  ; 
but  cobalt  and  nickel  are  difficult  to  oxidise  ;  their  acids  are  not  known 
with  any  certainty,  and  are,  in  all  probability,  still  less  stable  than  the  - 
ferrates.  Cr,Mn  and  Fe  form  compounds  RjClg  which  are  like  FejClj  ] 
in  many  respects ;  iii  Co  this  faculty  is  weaker  and  in  Xi  it  has  almost  ^ 
disappeared.  The  cyanogen  compounds,  especially  of  manganese  and 
cobalt,  are  very  near  akin  to  the  corresponding  ferrocyanides.  The 
•^oxides  of  nickel  and  cobalt  are  more  easily  reduced  to  metal  than  those 
of  iron,  but  those  of  manganese  and  chromium  are  not  reduced  so 
easily  as  iron,  and  the  metals  themselves  are  not  easily  obtained  in  a 
pure  state  ;  they  are  capable  of  forming  varieties  resembling  cast  iron. 
The  metals  Cr,3In,Fe,Co,  and  Ni  have  a  grey  iron  colour  and  are  very 
difficult  to  melt,  but  nickel  and  cobalt  can  be  melted  in  the  reverbera- 
tory  furnace  and  are  more  fusible  than  iron,  whilst  chromium  is  more 
difficult  to  melt  than  platinum  (Deville).  These  metals  decompose 
water,  but  with  greater  difficulty  as  the  atomic  weight  rises,  forming  a 
transition  to  copper,  which  does  not  decompose  water.     All   the  com- 
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pounds  of  these  metals  have  various  colours,  which  are  sometimes  very 
bright,  especially  in  the  higher  stages  of  oxidation. 

These  metals  of  the  iron  group  are  often  met  with  together  in 
nature.  Manganese  nearly  everywhere  accompanies  iron,  and  iron  is 
always  an  ingredient  in  the  ores  of  manganese.  Chromium  is  found 
principally  as  chrome  ironstone — that  is,  a,  peculiar  kind  of  magnetic 
oxide  in  which  FejOs  is  replaced  by  CrjOs. 

Nickel  and  cobalt  are  as  inseparable  companions  as  iron  and 
manganese.  The  similarity  between  them  even  extends  to  such 
remote  properties  as  magnetic  qualities.  In  this  series  of  metals  we 
find  those  which  are  the  most  magnetic  :  iron,  cobalt,  and  nickel. 
There  is  even  a  magnetic  oxide  among  the  chromium  compounds,  such 
being  unknown  in  the  other  sei'ies.  Nickel  easily  becomes  passive  in 
strong  nitric  acid.  It  absorbs  hydrogen  in  just  the  same  way  as  iron. 
In  short,  in  the  series  Cr,  Ma,  Fe,  Co,  and  Ni,  there  are  many  points 
in  common  although  there  are  many  differences,  as  will  be  seen  still 
more  clearly  on  becoming  acquainted  with  cobalt  and  nickel. 

In  nature  cobalt  is  principally  found  in  combination  with  arsenic 
and  sulphur.  Cobalt  arsenide,  or  cobalt  S2}eiss,  CoAsj,  is  found  in 
brilliant  crystals  of  the  regular  system,  principally  in  Saxony.  Cobalt 
glance,  C0AS2C0S2,  resembles  it  very  much,  and  also  belongs  to  the 
regular  system  ;  it  is  found  in  Sweden,  Norway,  and  the  Caucasus. 
Kupfernickel  is  a  nickel  ore  in  combination  with  arsenic,  but  of  a 
different  composition  from  cobalt  arsenide,  having  the  formula  NiAs  ; 
it  is  found  in  Bohemia  and  Saxony.  It  has  a  copper-red  colour  and  is 
rarely  crystalline  ;  it  is  so  called  because  the  miners  of  Saxony  first 
mistook  it  for  an  ore  of  copper  (Ktipfer),  but  were  unable  to  extract 
copper  from  it.  Nickel  glance,  NiS2,NiAs2,  corresponding  with  cobalt 
glance,  is  also  known.  Nickel  accompanies  the  ores  of  cobalt  and 
cobalt  those  of  nickel,  so  that  both  metals  are  found  together.  The 
ores  of  cobalt  are  worked  in  the  Caucasus  in  the  Government  of 
Elizavetopolsk.  Nickel  ores  containing  aqueous  hydrated  nickel  silicate 
are  found  in  the  Ural  (Revdansk).  Large  quantities  of  a  similar  ore 
are  exported  into  Europe  from  New  Caledonia.  Both  ores  contain 
about  12  per  cent.  Ni.  Garnierite,  (RO)5(Si0.2)4l5B[20,  where  R=Ni 
and  Mg,  predominates  in  the  New  Caledonian  ore.  Large  deposits  of 
nickel  have  been  discovered  in  Canada,  where  the  ore  (as  nickelous 
pyrites)  is  free  from  arsenic.  Cobalt  is  principally  worked  up  into 
cobalt  compounds,  but  nickel  is  generally  reduced  to  the  metallic  state,  in 
which  it  is  now  often  used  for  alloys — for  instance,  for  coinage  in  many 
European  States,  and  for  plating  other  metals,  because  it  does  not 
oxidise.     Cobalt  arsenide  and  cobalt  glance  are  principally  used  for  the 
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preparation  of  cobalt  compounds  ;  they  are  first  sorted  by  discarding 
the  rocky  matter,  and  then  roasted.  During  this  process  most  of  the 
sulphur  and  arsenic  disappears  ;  the  arsenious  anhydride  volatilises 
with  the  sulphurous  anhydride  and  the  metal  also  oxidises.'^  It  is  a 
simple  matter  to  obtain  nickel  and  cobalt  from  their  oxides.  In  order 
to  obtain  the  latter,  solutions  of  their  salts  are  treated  with  sodium 

^^  The  residue  from  the  roasting  of  cobalt  ores  is  called  zaffim',  and  is  often  met  with 
in  commerce.  From  this  the  purer  compounds  of  cobalt  may  be  prepared.  The  ores  of 
nickel  are  also  first  roasted,  and  the  oxides  dissolved  in  acid,  nickelous  salts  being  then 
obtained. 

The  further  treatment  of  cobalt  and  nickel  ores  is  facilitated  if  the  arsenic  can  be 
almost  entirely  removed,  which  may  be  effected  by  roasting  the  ore  a  second  time  with  a 
small  addition  of  nitre  and  sodium  carbonate  ;  the  nitre  combines  with  the  arsenic, 
forming  an  arsenious  salt,  which  may  be  extracted  with  water.  Tlie  remaining  mass  is 
dissolved  in  hydrochloric  acid,  mixed  with  a  small  quantity  of  nitric  acid.  Copper,  iron, 
manganese,  nickel,  cobalt,  &c.,  pass  into  solution.  By  passing  hydrogen  sulphide 
through  the  solution,  copper,  bisnmth,  lead,  and  arsenic  are  deposited  as  metallic  sul- 
phides ;  but  iron,  cobalt,  nickel,  and  manganese  remain  in  solution.  If  an  alkaline  solu- 
tion of  bleaching  powder  be  then  added  to  the  reinaining  solution,  the  whole  of  the 
manganese  will  first  be  deposited  in  the  form  of  dioxide,  then  the  cobalt  as  hydrated 
cobaltic  oxide,  and  finally  the  nickel  also.  It  is,  however,  impossible  to  rely  on  this 
method  for  effecting  a  complete  separation,  the  more  so  since  the  higher  oxides  of  the 
three  above-mentioned  metals  have  all  a  black  colour ;  but,  after  a  few  trials,  it  will  be 
easy  to  find  how  much  bleaching  powder  is  required  to  precipitate  the  manganese,  and 
the  amount  which  will  precipitate  all  the  cobalt.  The  manganese  may  also  be  separated 
from  cobalt  by  precipitation  from  a  mixture  of  the  solutions  of  both  metals  (in  the  form  of 
the  '  ous '  salts)  with  ammonium  sulphide,  and  then  treating  the  precipitate  with  acetic 
acid  or  dilute  hydrochloric  acid,  in  which  manganese  sulphide  is  easily  soluble  and  cobalt 
sulphide  almost  insoluble.  Further  particulars  relating  to  the  separation  of  cobalt  from 
nickel  may  be  found  in  treatises  on  analytical  chemisti-y.  In  practice  it  is  usual  to  rely  on 
the  rough  method  of  separation  founded  on  the  fact  that  nickel  is  more  easily  reduced  and 
more  difficult  to  oxidise  than  cobalt.  The  New  Caledonian  ore  is  smelted  with  CaS04 
and  CaCOs  on  coke,  and  a  metallic  regulus  is  obtained  containing  all  the  Ni,  Fe,  and  S. 
This  is  roasted  with  SiOj,  which  converts  all  the  iron  into  slag,  whilst  the  Ni  remains 
combined  with  the  S  ;  this  residue  on  further  roasting  gives  NiO,  which  is  reduced  by  the 
carbon  to  metalhc  Ni.  The  Canadian  ore  (a  pyrites  containing  11  p.  u.  Ni)  is  frequently 
treated  in  America  (after  a  preliminary  dressing)  by  smelting  it  with  Na2S04  and 
charcoal ;  the  resultant  fusible  NanS  then  dissolves  the  CuS  and  FeSo,  while  the  NiS  is 
obtained  in  a  bottom  layer  (Bartlett  and  Thomson's  process)  from  which  Ni  is  obtained 
in  the  manner  described  above. 

For  manufacturing  purposes  somewhat  impure  cobalt  compounds  are  frequently  used, 
which  are  converted  into  smalt.  This  is  glass  containing  a  certain  amount  of  cobalt 
oxide ;  the  glass  acquires  a  bright  blue  colour  from  this  addition,  so  that  when  powdered 
it  may  be  used  as  a  blue  pigment;  it  is  also  unaltered  at  high  temperatures,  so 
that  it  used  to  take  the  place  now  occupied  by  Prussian  blue,  ultramarine,  &c.  At 
present  smalt  is  almost  exclusively  used  for  colouring  glass  and  china.  To  prepare 
smalt,  ordinary  impure  cobalt  ore  (zaftre)  is  fused  in  a  crucible  with  quartz  and  potassium 
carbonate.  A  fused  mass  of  cobalt  glass  is  thus  formed,  containing  silica,  cobalt  oxide, 
and  potassimn  oxide,  and  a  metallic  mass  remains  at  the  bottom  of  the  crucible,  con- 
taining almost  all  the  other  metals,  arsenic,  nickel,  copper,  silver,  &o.  This  metallic 
mass  is  called  speiss,  and  is  used  as  nickel  ore  for  the  extraction  of  nickel.  Smalt  usually 
contains  70  p.c.  of  silica,  20  p.c.  of  potash  and  soda,  and  about  5  to  6  p.c.  of  cobaltous 
oxide ;  the  remainder  consisting  of  other  metallic  oxides. 
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carbonate  and  the  precipitated  carbonates  are  heated  ;  the  suboxides 
are  thus  obtained,  and  these  latter  are  reduced  in  a  stream  of 
hydrogen,  or  even  by  heating  with  ammonium  chloride.  They  easily 
oxidise  when  in  the  state  of  powder.  When  the  chlorides  of  nickel 
and  cobalt  are  heated  in  a  stream  of  hydrogen,  the  metal  is  deposited 
in  brilliant  scales.  Xickel  is  alicaya  much  more  easily  and  (quickly 
reduced  than  cobalt.  Nickel  melts  more  easily  than  cobalt,  aad  this 
even  furnishes  a  means  of  testing  the  heating  powers  of  a  reverberatory 
furnace.  Cobalt  fuses  at  a  temperature  only  a  little  lower  than  that 
at  which  iron  does.  In  general,  cobalt  is  nearer  to  iron  than  nickel, 
nickel  being  nearer  to  copper.'^  ""^  Both  nickel  and  cobalt  have  mag- 
netic properties  like  iron,  but  Co  is  less  magnetic  than  Fe,  and  Ni  still 
less  so.  The  specific  gravity  of  nickel  reduced  by  liydrogen  i^  9-1  and 
that  of  cobalt  8'9.  Fused  cobalt  has  a  specific  gravity  of  8'5,  the 
density  of  ordinary  nickel  being  almost  the  same.  Nickel  has  a  greyish 
silvery-white  colour  ;  it  is  brilliant  and  very  ductile,  so  that  the  finest 
wire  may  be  easily  drawn  from*  it.  This  wire  has  a  resistance  to 
tension  equal  to  iron  wire.  The  beautiful  colour  of  nickel,  and  the 
high  polish  which  it  is  capable  of  receiving  and  retaining,  as  it  does 
not  oxidise,  render  it  a  useful  metal  for  many  purposes,  and  in 
many  ways  it  resembles  silver.'^*"     It  is  now  very  common  to  cover 

33biB  ^1  ^e  know  respectin;^  the  relations  of  Co  and  Ni  to  Fe  and  Cu  confirms  tlie 
fact  that  Co  is  more  closely  related  to  Fe  aud  Ni  to  Cu  ;  and  as  the  atomic  weight  of 
Fe  =  56  and  of  Cu  =  63,  then  according  to  the  principles  of  the  periodic  system  it  would 
be  expected  that  the  atomic  weight  of  Co  would  be  about  59-60,  whilst  that  of  Ni  should 
be  greater  than  that  of  Co  but  less  than  that  of  Cu,  i.e.  about  50"5  — 60'5.  However,  as 
yet  the  majority  of  the  determinations  of  the  atomic  weights  of  Co  and  Ni  give  a 
different  result  and  show  that  a  lower  atomic  weight  is  obtained  for  Ni  than  for  Co. 
Thus  K.  Winkler  (1894)  obtained  (employing  metals  deposited  electrolytically  and  deter- 
mining the  amount  of  iodine  which  combined  with  them)  Ni  =  58'72  and  Co  =  59'37  (if 
H  =  1  and  I  =  126'53).  In  my  opinion  this  should  not  be  regarded  as  proving  that  the 
principles  of  the  periodic  system  cannot  be  applied  in  this  instance,  nor  as  a  reason  for 
altering  the  position  of  these  elements  in  the  system  (i.e.  by  placing  Ni  after  Fe,  and  Co 
next  to  Cu),  because  in  the  first  place  the  figures  given  by  different  chemists  (for  instance, 
Zimmermaim,  Kriiss,  and  others)  are  somewhat  divergent,  and  in  the  second  place  the 
majority  of  the  latest  modes  of  determining  the  atomic  weights  of  Co  and  Ni  aim  at 
finding  what  weights  of  these  metals  react  with  known  weights  of  other  elements  without 
taking  into  account  the  faculty  they  have  of  absorbing  hydrogen ;  since  this  faculty  is 
more  developed  in  Ni  than  in  Co  the  hydrogen  (occluded  in  Ni)  should  lower  the  atomic 
weight  of  Ni  more  than  that  of  Co.  On  the  whole,  the  question  of  the  atomic 
weights  of  Co  and  Ni  cannot  yet  be  considered  as  decided,  notwithstanding  the 
numerous  researches  which  have  been  made  ;  still  there  can  be  no  doubt  that  the  atomic 
weights  of  these  two  metals  are  very  nearly  equal,  and  greater  than  that  of  Fe,  but  less 
than  that  of  Cu.  This  question  is  of  gi-eat  interest,  not  only  for  completing  our  know- 
ledge of  these  metals,  but  also  for  perfecting  our  knowledge  of  the  periodic  system  of  the 
elements. 

32tri  por  instance,  the  alkahs  may  be  fused  in  nickel  vessels  as  well  as  in  silver, 
because  they  have  no  action  nponeither  metal.     Nickel,  like  silver,  is  not  acted  upon  by 
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other  metals  with  a  layer  of  nickel  (nickel  plating).  This  is  done  by  a 
process  of  electro-plating,  using  a  solution  of  a  nickel  salt.  The 
colour  of  cobalt  is  dark  and  redder  ;  it  is  also  ductile,  and  has  a 
greater  tensile  resistance  than  iron.  Dilute  acids  act  very  slowly  on 
nickel  and  cobalt  ;  nitric  acid  may  be  considered  as  the  best  solvent 
for  them.  The  solutions  in  every  case  contain  salts  corresponding  with 
the  ferrous  salts — that  is,  the  salts  CoX^,  MX^,  correspond  ivith  the 
suboxides  of  these  metals.  These  salts  in  their  types  are  similar  to  the 
magnesium  salts.  The  salts  of  nickel  when  crystallising  with  water 
have  a  green  colour,  and  form  bright  green  solutions,  but  in  the  anhy- 
drous state  they  most  frequently  have  a  yellow  colour.  The  salts  of 
cobalt  are  generally  rose-coloured,  and  generally  blue  when  in  the 
anhydrous  state.  Their  aqueous  solutions  are  rose-coloured.  Cobaitous 
chloride  is  easily  soluble  in  alcohol,  and  forms  a  solution  of  an  intense 
blue  colour. ^^ 


dilute  acids.  Only  nitric  acid  dissolves  both  ftietals  well.  Nickel  is  harder,  and  fuses  at 
11,  higher  temperature  than  silver.  For  castings,  a  small  quantity  of  magnesium  (O'OOl 
part  by  weight)  is  added  to  nickel  to  render  it  more  homogeneous  (just  as  aluminium  is 
added  to  steel).  Nickel  forms  many  valuable  alloys.  Steel  containing  S  p.c.  Ni  is  par- 
ticularly valuable,  its  limit  of  elasticity  is  higher  and  its  hardness  is  greater;  it  is  used 
for  armour  plate  and  other  large  pieces.  The  alloys  of  nickel,  especially  with  copper  and 
zinc  (melchiox',  see  later),  aluminium  and  silver,  although  used  in  certain  cases,  are  now 
replaced  by  nickel-plated  or  nickel-deposited  goods  {deposited  by  electricity  from  a 
solution  of  the  ammonium  salts). 

^^  The  change  of  colour  is  dependent  in  all  probability  on  the  combination  with 
water,  or  according  to  others  on  polymeric  transformation.  It  enables  a  solution  of 
cobalt  chloride  to  be  used  as  sympathetic  ink.  If  something  be  written  with  cobalt 
chloride  on  white  paper,  it  will  be  invisible  on  account  of  the  feeble  colour  of  the  solution, 
and  when  dry  nothing  can  be  distinguished.  If,  however,  the  paper  be  heated  before  the 
fire,  the  rose-coloured  salt  will  be  changed  into  a  less  hydrous  blue  salt,  and  the  writing 
will  become  quite  visible,  but  fade  away  when  cool. 

The  change  of  colour  which  takes  place  in  solutions  of  CoCl.i  under  the  influence  not 
only  of  solution  in  water  or  alcohol,  but  also  of  a  change  of  temperature,  is  a  character- 
istic of  all  the  halogen  salts  of  cobalt.  Crystalline  iodide  of  cobalt,  C0I26H2O,  gives  a 
dark  red  solution  between  — '2"2-  and  -1- '2U*^ ;  above  4-20°  the  solution  turns  brown  and 
passes  from  olive  to  green,  from  -f  35°  to  320°  the  solution  remains  green.  According  to 
Etard  the  change  of  colour  is  due  to  the  fact  that  at  first  the  solution  contains  the 
hydrate  CoIoHoO,  and  that  above  35°  it  contains  C0I24H2O.  These  hydi-ates  can  be 
crystallised  from  the  solutions ;  the  fonner  at  ordinary  temperature  and  the  latter  on 
beating  the  solution.  The  intermediate  oUac  colour  of  the  solutions  corresponds  to  the 
incipient  decomposition  of  the  hexahydrated  salt  and  its  passage  into  C0I34H2O.  A 
solution  of  the  hexahydrated  chloride  of  cobalt,  C0CI26H.2O,  is  rose-coloured  between 
—  22°  and  -1-25°  ;  but  the  colour  changes  starting  from  -f25°,  and  passes  through  all 
the  tints  between  red  and  blue  right  up  to  50°  ;  a  true  blue  solution  is  only  obtained 
at  55°  and  remains  up  to  300°.  This  true  blue  solution  contains  another  hydrate, 
G0CI02H2O. 

The  dependence  between  the  solubility  of  the  iodide  and  chloride  of  cobalt  and 
the  temperature  is  expressed  by  two  almost  straight  lines  corresponding  to  the  hexa- 
and  di-hydrates ;  the  passage  of  the  one  into  the  other  hydrate  being  expressed  by  a 
curve.     The  same  character  of    phenomena  is  seen  also  in  the  variation  of  the  vapom* 
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If  a  solution  of  potassium  hydroxide  be  added  to  a  solution  of  a 
cobalt  salt,  a  blue  precipitate  of  the  basic  salt  will  be  formed.     If  a 

tension  of  solutions  of  chloride  of  cobalt  with  the  temperature.  We  have  repeatedly 
seen  that  aqueous  solutions  {for  instance,  Chapter  XXIL,  Note  23  for  Fe-jClg)  deposit 
different  crystallo-hydrates  at  different  temperatures,  and  that  the  amount  of  water 
in  the  hydrate  decreases  as  the  temperature  t  rises,  so  that  it  is  not  surprising  that 
CoClo2HoO  (or  according  to  Potilitziii  C0CL1H2O)  should  separate  out  above  55°  and 
CoCloGHgO  at  25°  and  below.  Nor  is  it  exceptional  that  the  colour  of  a  salt  varies 
according  as  it  contains  different  amounts  of  H^O.  But  in  this  instance  it  is  character- 
istic that  the  change  of  colour  takes  place  in  solution  in  the  presence  of  an  excess  of 
water.  This  apparently  shows  that  the  actual  solution  may  contain  either  CoCLiGHoO  or 
C0CI22H.2O.  And  as  we  know  that  a  solution  may  contain  both  metaphosphoric  PHO;; 
and  orthophosphoric  acid  H5PO4  =  HPO5  +  H2O,  as  well  as  certain  other  anhydrides, 
the  question  of  the  state  of  substances  in  solutions  becomes  still  more  complicated. 

Nickel  sulphate  crystallises  from  neutral  solutions  at  a  temperature  of  from  15°  to  20° 
in  rhombic  crystals  containing  TH^O.  Its  form  approaches  very  closely  to  that  of  the 
salts  of  zinc  and  magnesium.  The  planes  of  a  vertical  prism  for  magnesium  salts  are 
inclined  at  an  angle  of  90°  30',  for  zinc  salts  at  an  angle  of  91°  7',  and  for  nickel  salts  at 
an  angle  of  91°  10'.  Such  is  also  the  form  of  the  zinc  and  magnesium  selenates  and 
chromates.  Cobalt  sulphate  containing  7  molecules  of  water  is  deposited  in  crystals 
of  the  monoclinic  system,  like  the  corresponding  salts  of  iron  and  manganese.  The  angle 
of  a  vertical  prism  for  the  iron  salt  =  82°  20',  for  cobalt  =  82°  22',  and  the  inclination  of 
the  horizontal  pinacoid  to  the  vertical  prism  for  the  iron  salt  =  99"^  2',  and  for  the  cobalt 
salt  99°  36'.  All  the  isomorphous  mixtures  of  the  salts  of  magnesium,  iron,  cobalt, 
nickel  and  manganese  have  the  same  form  if  they  contain  7  niol.  H2O  and  iron  or  cobalt 
predominate,  whilst"  if  there  is  a  preponderance  of  magnesium,  zinc,  or  nickel,  the 
crystals  have  a  rhombic  form  like  magnesium  sulphate.  Hence  these  sulphates  are 
dimorphoits,  but  for  some  the  one  form  is  more  stable  and  for  others  the  other.  Brooke, 
Moss,  Mitscherlich,  Rammelsberg,  and  Marignac  have  explained  these  relations.  Brooke 
and  Mitscherlich  also  supposed  that  NiS04,7H20  is  not  only  capable  of  assuming  these 
forms,  but  also  that  of  the  tetragonal  system,  because  it  is  deposited  in  this  form  from 
acid,  and  especially  from  slightly-heated  solutions  (30°  to  40°).  But  Marignac  demon- 
strated that  the  tetragonal  crystals  do  not  contain  7,  but  6,  molecules  of  water,  NiS04,6H20. 
He  also  observed  ihat  a  solution  evaporated  at  50°  to  70°  deposits  monoclinic  crystals, 
but  of  a  different  form  from  ferrous  sulphate,  PeS04,7H20 — namely,  the  angle  of  the 
prism  is  71°  52',  that  of  the  pinacoid  95°  6'.  This  salt  appears  to  be  the  same  with  6 
molecules  of  water  as  the  tetragonal.  Marignac  also  obtained  magnesium  and  zinc 
salts  with  6  molecules  of  water  by  evaporating  their  solutions  at  a  higher  tem- 
perature, and  these  salts  were  found  to  be  isomorphous  with  the  monoclinic  nickel  salt. 
In  addition  to  this  it  must  be  observed  that  the  rhombic  crystals  of  nickel  sulphate  with 
7H2O  become  turbid  under  the  influence  of  heat  and  light,  lose  water,  and  change  into 
the  tetragonal  salt.  The  monoclinic  crystals  in  time  also  become  turbid,  and  change 
their  structure,  so  that  the  tetragonal  form  of  this  salt  is  the  most  stable.  Let  us  also 
add  that  nickel  sulphate  in  all  its  shapes  forms  very  beautiful  emerald  green  crystals, 
which,  when  heated  to  230°,  assume  a  dirty  greenish-yellow  hue  and  then  contain  one 
molecule  of  water. 

Klobb  (1891)  and  Langlot  and  Lenoir  obtained  anhydrous  C0SO4  and  NiS04  by 
igniting  the  hydrated  salt  with  (NH4)2S04  until  the  ammonium  salt  had  completely 
volatilised  and  decomposed. 

"We  may  add  that  when  equivalent  aqueous  solutions  of  NiX2  (green)  and  C0X2  (red) 
are  mixed  together  they  give  an  almost  colourless  (grey)  solution,  in  which  the  green  and 
red  colour  of  the  component  parts  disappears  owing  to  the  combination  of  the  comple- 
mentary colours. 

A  double  salt  NiKF^  is  obtained  by  heating  NiClo  with  KFHF  in  a  platinum  crucible ; 
KC0F3  is  formed  in  a  similar  manner.     The  nickel  salt  occurs  in  fine  green  plates,  easily 
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solution  of  a  cobalt  salt  be  heated  almost  to  the  boiling-point,  and  the 
solution  be  then  mixed  with  a  boiling  solution  of  an  alkali  hydroxide, 
Si,  pink  precipitate  of  cohaltous  hydroxide^  CoHoOgj  will  be  formed.  If 
air  be  not  completely  excluded  during  the  precipitation  by  boiling,  the 
precipitate  will  also  contain  brown  cobaltic  hydroxide  formed  by  the 
further  oxidation  of  the  cobaltous  oxide.^^  Under  similar  circumstances 
nickel  salts  form  a  green  precipitate  of  nickelous  hydroxide,  the  forma- 
tion of  which  is  not  hindered  by  the  presence  of  ammonium  salts,  but 
in  that  case  only  requires  more  alkali  to  completely  separate  the 
nickel.  The  nickelous  oxide  obtained  by  heating  the  hydroxide,  or 
from  the  carbonate  or  nitrate,  is  a  grey  powder,  easily  soluble  in  acids 
and  easily  reduced,  but  the  same  substance  may  be  obtained  in  the 
crystalline  form  as  an  ordinary  product  from  the  ores  ;  it  crystallises 
in  regular  octahedra,  with  a  metallic  lustre,  and  is  of  a  grey  colour. 
In  this  state  the  nickelous  oxide  almost  resists  the  action  of  acids.^"*  ^^^. 

soluble  in  water  but  scarcely  soluble  in  ethyl  and  methyl  alcohol.  They  decompose  into 
green  oxide  of  nickel  and  potassium  fluoride  when  heated  in  a  current  of  air.  The 
analogous  salt  of  cobalt  crystallises  in  crimson  flakes. 

If  instead  of  potassium  fluoride,  CdClo  or  NiCl.>  be  fused  with  ammonium  fluoride, 
they  also  form  double  salts  with  the  latter.  This  gives  the  possibility  of  obtaining 
anhydrous  fluorides  NiFo  and  CoF^.  Crystalline  fluoride  of  nickel,  obtained  by 
heating  the  amorphous  powder  formed  by  decomposing  the  double  ammonium  salt  in 
a  stream  of  hydrofluoric  acid,  occurs  in  beautiful  green  prisms,  sp.  gr.  4'63,  which  are 
insoluble  in  water,  alcohol,  and  ether;  sulphuric,  hydrochloric,  and  nitric  acids  also  have 
no  action  upon  them,  even  when  heated ;  NiFo  is  decomposed  by  steam,  with  the  forma- 
tion of  black  oxide,  which  retains  the  crystalline  structure  of  the  sarlt.  Fluoride  of 
cobalt,  obtained  as  a  rose-coloured  powder  by  decomposing  the  double  ammonium  salt 
with  the  aid  of  heat  in  a  stream  of  hydrofluoric  acid,  fuses  into  a  ruby- col oui'ed  niass 
which  bears  distinct  signs  of  a  crystalline  structure;  sp.  gi".  4*i3.  The  molten  salt 
only  volatilises  at  about  1400°,  which  forms  a  clear  distinction  between  CoF^  and  the 
volatile  NiF.^.  Hydrochloric,  sulphuric,  and  nitric  acids  act  upon  C0F2  even  in  the  cold, 
although  slowly,  while  when  heated  the  reaction  proceeds  rapidly  (Poulenc,  1892). 

5+  Hydrated  suboxide  of  cobalt  (de  Schulten,  1889)  is  obtained  in  the  following 
manner.  A  solution  of  10  grams  of  C0CI06H2O  in  60  c.c.  of  water  is  heated  in  a  flask 
with  250  grams  of  caustic  potash  and  a  stream  of  coal  gas  is  passed  through  the  solution. 
Wlien  heated  the  hydrate  of  the  suboxide  of  cobalt  which  separates  out,  dissolves  in  the 
caustic  potash  and  forms  a  dark  blue  solution.  This  solution  is  allowed  to  stand  for  24 
hours  in  an  atmosphere  of  coal  gas  (in  order  to  prevent  oxidation).  The  crystalline  mass 
which  separates  out  has  a  composition  Co(OH)2,  and  to  the  naked  eye  appears  as  a  violet 
powder,  which  is  seen  to  be  crystalline  under  the  microscope.  The  specific  gravity  of 
this  hydrate  is  S'597  at  15°.  It  does  not  undergo-  change  in  the  air;  warm  acetic  acid 
dissolves  it,  but  it  is  insoluble  in  warm  and  cold  solutions  of  ammonia  and  sal- 
ammoniac. 

54  bis  jij^g  following  reaction  may  be  added  to  those  of  the  cobaltous  and  nickelous 
salts :  potassium  cyanide  forms  a  precipitate  with  cobalt  salts  which  is  soluble  in  an 
excess  of  the  reagent  and  forms  a  green  solution.  On  heating  this  and  adding  a  certain 
quantity  of  acid,  a  double  cobalt  cyanide  is  formed  which  ^corresponds  with  potassium 
ferricyanide.  Its  formation  is  accompanied  with  the  evolution  of  hydrogen,  and  is 
founded  upon  the  property  which  cobalt  has  of  oxidising  in  an  alkaline  solution,  the  de- 
velopment of  which  has  been  observed  in  such  a  considerable  measure  in  the  cobaltamine 
salts.     The  process  which  goes  on  here  may  be  expressed  by  the  following  equation  ; 
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It  is  interesting  to  note  the  relation  of  the  cobaltous  and  nickelous 
hydroxides  to  ammonia  ;  aqueous  ammonia  dissolves  the  precipitate  of 
cobaltous  and  nickelous  hydroxide.  The  blue  ammoniacal  solution  of 
nickel  resembles  the  same  solution  of  cupric  oxide,  but  has  a  somewhat 
reddish  tint.  It  is  characterised  by  the  fact  that  it  dissolves  silk  in 
the  same  way  as  the  ammoniacal  cupric  oxide  dissolves  cellulose.  Am- 
monia likewise  dissolves  the  precipitate  of  cobaltous  hydroxide,  forming 
a  brownish  liquid,  which  becomes  darker  in  air  and  finally  assumes  a 
brightred  hue,  absorbing  oxygen.  The  admixture  of  ammonium  chloride 
prevents  the  precipitation  of  cobalt  salts  Ijy  ammonia  ;  when  the  am- 
monia is  added,  a  brown  solution  is  obtained  from  which,  as  in  the 
case  of  the  preceding  solution,  potassium  hydroxide  does  not  separate 
the  cobaltous  oxide.  Peculiar  compounds  are  produced  in  this  solution  ; 
they  are  comparatively  stable,  containing  ammonia  and  an  excess  of 
oxygen  ;  they  bear  the  name  cobaltoamine  and  oobaltiamine  salts.  They 
have  been  principally  investigated  by  Genth,  Fremy,  Jorgenson  and 
others.  Genth  found  that  when  a  cobalt  salt,  mixed  with  an  excess  of 
ammonium  chloride,  is  treated  with  ammonia  and  exposed  to  the  air, 
after  a  certain  lapse  of  time,  on  adding  hydrochloric  acid  and  boiling, 
a  red  powder  is  precipitated  and  the  remaining  solution  contains  an 
orange  salt.  The  study  of  these  compounds  led  to  the  discovery  of  a 
whole  series  of  similar  salts,  some  of  which  correspond  with  particular 
higher   degrees    of   oxidation  of   cobalt,   which  are  described   later.^^ 

C0C2N2  +  4KCN  first  forms  CoK4CtjNg,  wliicli  salt  witli  water,  H2O,  forms  potassium 
hydroxide,  KHO,  hydrogen,  H,  and  the  salt,  KjCoCgNij.  Here  naturally  the  presence  of 
the  acid  is  indispensable  in  consequence  of  its  being  required  to  combine  with  the  alkali. 
From  aqueous  solutions  this  salt  crystallises  in  transparent,  hexagonal  prisms  of  a  yellow 
colour,  easily  soluble  in  water.  The  reactions  of  double  decomposition,  and  even  the 
formation  of  the  corresponding  acid,  are  here  completely  the  same  as  in  the  case  of  the 
ferricyanide.  If  a  nickelous  salt  be  treated  in  precisely  the  same  manner  as  that  just 
described  for  a  salt  of  cobalt,  decomposition  will  occur. 

3=  The  cobalt  salts  may  be  divided  into  at  least  the  following  classes,  which  repeat 
themselves  for  Cr,  Ir,  Eh  (we  shall  not  stop  to  consider  the  latter,  particularly  as  they 
closely  resemble  the  cobalt  salts) :  — 

(a)  Ammonium  cobalt  salts,  which  are  simply  direct  compounds  of  the  cobaltous 
salts  C0X2  with  ammonia,  similar  to  various  other  compounds  of  the  salts  of  silver, 
copper,  and  even  calcium  and  magnesium,  with  ammonia.  They  are  easily  crystallised 
from  an  ammoniacal  solution,  and  have  a  pink  colour.  Thus,  for  instance,  when 
cobaltous  chloride  in  solution  is  mixed  with  sufScieiit  ammonia  to  redissolve  the 
precipitate  first  formed,  octahedral  crystals  are  deposited  which  have  a  composition 
CoCl2,H20,6NH3.  These  salts  are  nothing  else  but  combinations  with  ammonia  of 
crystallisation— if  it  may  be  so  termed— likening  them  in  this  way  to  combinations  with 
water  of  crystallisation.  This  similarity  is  evident  both  from  their  composition  and  from 
their  capability  of  giving  off  ammonia  at  various  temperatures.  The  most  important 
point  to  observe  is  that  all  these  salts  contain  6  molecules  of  ammonia  to  1  atom  of  cobalt, 
and  this  ammonia  is  held  in  fairly  stable  connection.  Water  decomposes  these  salts.  (Nickel 
behaves  similarly  without  forming  other  compounds  con-espouding  to  the  true  cobaltic.) 

(6)  The  solutions  of  the  above-mentioned  salts  are  rendered  turbid  by  the  action  of 
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Nickel  does  not  possess  this  property  of  absorbing  the  oxygen  of  the  air 
when  in  an  aramoniacal  solution.     In  order  to  understand  this  distinc- 

the  air;  they  absorb  oxygen  and  become  covered  with  a  crust  of  oxycobaltaiiilne  salts. 
The  latter  are  sparingly  soluble  in  aqueous  ammonia,  have  a  brown  colour,  and  are 
characterised  by  the  fact  that  with  warm  water  they  evolve  oxygen,  forming  salts  of  the 
following  category :  The  nitrate  may  be  taken  as  an  example  of  this  kind  of  salt ;  its 
composition  is  CoNo07,5NH5,H20.  It  differs  from  cobaltous  nitrate,  Co{NO-)o,  in  con- 
taining an  extra  atom  of  oxygen — that  is,  it  corresponds  with  cobalt  dioxide,  CoOg,  in 
the  same  way  that  the  first  salts  correspond  with  cobaltous  oxide;  they  contain  5,  and 
not  6,  molecules  of  ammonia,  as  if  NH5  had  been  replaced  by  0,but  we  shall  afterwards 
meet  compounds  containing  either  5NH3  or  6NH5  to  each  atom  of  cobalt. 

(c)  The  luteocobaltic  salts  are  thus  called  because  they  have  a  yellow  (luteus) 
colour.  They  are  obtained  from  the  salts  of  the  first  kind  by  submitting  them  in  dilute 
solution  to  the  action  of  the  air  ;  in  this  case  salts  of  the  second  kind  are  not  formed, 
because  they  are  decomposed  by  an  excess  of  water,  with  the  evolution  of  oxygen  and 
the  formation  of  luteocobaltic  salts,  By  the  action  of  ammonia  the  salts  of  the  fifth 
kind  (roseocobaltic)  are  also  converted  into  luteocobaltic  salts.  These  last-named  salts 
generally  crystallise  readily,  and  have  a  yellow  colour ;  they  are  comparatively  much 
more  stable  than  the  preceding  ones,  and  even  for  a  certain  time  resist  the  action  of 
boiling  water.  Boiling  aqueous  potash  liberates  ammonia  and  precipitates  hydrated 
cobaltic  oxide,  Co205,3HoO,  from  them.  This  shows  that  the  luteocobaltic  salts  corre- 
spond with  cobaltic  oxide,  CogO.-,,  and  those  of  the  second  kind  with  the  dioxide. 
When  a  solution  of  luteocobaltic  sulphate,  00.2(804)-, 12NH5,4H.20,  is  treated  with 
baryta,  barium  sulphate  is  precipitated,  and  the  solution  contains  luteocobaltic 
hydroxide,  Co{OH)3,tiNH-,  which  is  soluble  in  water,  is  powerfully  alkaline,  absorbs 
the  oxygen  of  the  air,  and  when  heated  is  decomposed  with  the  evolution  of  am- 
monia. This  compound  therefore  corresponds  to  a  solution  of  cobaltic  hydroxide  in 
ammonia.  The  luteocobaltic  salts  contain  '2  atoms  of  cobalt  and  12  molecules  of 
ammonia — that  is,  6NH5  to  each  atom  of  cobalt,  like  the  salts  of  the  first  kind.  The 
CoXo  salts  have  a  metallic  taste,  whilst  those  of  luteocobalt  and  others  have  a  purely 
saline  taste,  like  the  salts  of  the  alkali  metals.  In  the  luteo-salts  all  the  X's  react  (are 
ionised,  as  some  chemists  say)  as  in  ordinary  salts — for  instance,  all  the  CI2  is  pre- 
cipitated by  a  solution  of  AgNO^  ;  all  the  (SOJs  gives  a  precipitate  with  BaX^,  &c. 
The  double  salt  formed  with  PtOl4  is  composed  in  the  same  manner  as  the  potassium 
salt,  K.2PtCl4  =  2KCl  +  PtCl4,  that  is,  contains  (CoCl5,6NH3)<2,3PtCl4,  or  the  amount  of 
chlorine  in  the  PtCl4  is  double  that  in  the  alkaline  salt.  In  the  rosepentamine  (e),  and 
rosetetramine  (/),  salts,  also  all  the  X's  react  or  are  ionised,  but  in  the  (g)  and  {h)  salts 
only  a  portion  of  the  X's  react,  and  they  are  equal  to  the  (e)  and  (/)  salts  minus  water  ; 
this  means  that  although  the  water  dissolves  them  it  is  not  combined  with  them,  as 
PHO5  differs  from  PH5O3 ;  phenoruena  of  this  class  correspond  exactly  to  what  has 
been  already  {Chapter  XXI.,  Note  7)  mentioned  respecting  the  green  and  violet  salts  of 
oxide  of  chromium. 

{d)  The  fuscocohaltic  salts.  An  ammoniacal  solution  of  cobalt  salts  acquires  a  brown 
colou  in  the  air,  due  to  the  formation  of  these  salts.  They  are  also  produced  by  the 
decomposition  of  salts  of  the  second  kind ;  they  crystallise  badly,  and  are  separated  from 
their  solutions  by  addition  of  alcohol  or  an  excess  of  ammonia.  When  boiled  they  give 
np  the  ammonia  and  cobaltic  oxide  which  they  contain.  Hydrochloric  and  nitric  acids 
give  a  yellow  precipitate  with  these  salts,  which  turns  red  when  boiled,  forming  salts  of 
the  next  category.  The  following  is  an  example  of  the  composition  of  two  of  the  fusco- 
cohaltic salts,  Co20(S04)o,8NH5,4H20  and  Co20Cl4,8NH3,3H20.  It  is  evident  that- the 
fuscocobaltic  salts  are  ammoniacal  compounds  of  basic  cobaltic  salts.  The  normal  co- 
baltic sulphate  ought  to  have  the  composition  002(804)5  =  00005,3805;  the  simplest 
basic  salts  will  be  0020(804)2  =  00205,280,-,  and  00200(804}  =  00205,805.  The  fusco- 
cobaltic salts  correspond  with  the  first  type  of  basic  salts.  They  are  changed  (in  con- 
centrated solutions)  into  oxycobaltamine  salts  by  absorption  of  one  atom  of  oxygen, 
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tion,  and  in  general  the  relation  of  nickel,  it  is  important  to  observe 
that  cobalt  more  easily  forms  a.  higher  degree  of  oxidation — namely, 

Co202{S04)2-  The  whole  process  of  oxidation  will  be  as  follows :  first  of  all  C02X4,  a 
cobaltous  salt,  is  in  the  solution  (X  a  univalent  haloid,  2  molecules  of  the  salt  being 
taken),  then  C02OX4,  the  basic  cobaltic  salt  {4th  series),  then  Co20oX,j,  the  salt  of  the 
dioxide  (2nd  series).  The  series  of  basic  salts  with  an  acid,  2HX,  forms  water  and  a 
normal  salt,  CooX,,  (in  3,  5,  6  series).  These  salts  are  combined  with  various  amounts  of 
water  and  ammonia.  Under  many  conditions  the  salts  of  fuscocobalt  are  easily  trans- 
formed into  salts  of  the  next  series.  The  salts  of  the  series  that  has  just  been  described 
contain  4  molecules  of  ammonia  to  1  atom  of  cobalt. 

(e)  The  roseocobaltic  (or  rosepentamine),  CoX.>HoO,5NH5,  salts,  like  the  luteo- 
cobaltic,  correspond  with  the  normal  cobaltic  salts,  but  contain  less  ammonia,  and  an 
extra  molecule  of  water.  Thus  the  sulphate  is  obtained  from  cobaltous  sulphate 
dissolved  in  ammonia  and  left  exposed  to  the  air  until  transformed  into  a  brown  solution 
of  the  fuscocobaltic  salt ;  when  this  is  treated  with  sulphuric  acid  a  crystalline  powder 
of  the  roseocobaltic  salt,  Co2(SO^)-,10NH.-,5H2O,  separates.  The  formation  of  this  salt 
is  easily  understood :  cobaltous  sulphate  in  the  presence  of  ammonia  absorbs  oxygen,  and 
the  solution  of  the  fuscocobaltic  salt  will  therefore  contain,  like  cobaltous  sulphate,  one 
part  of  sulphuric  acid  to  every  part  of  cobalt,  so  that  the  whole  process  of  formation  may 
be  expressed  by  the  equation:  10NH,-  +  2CoSO4  +  H2SO4  +  4H2O  +  O  =  Coo(SO4)5,10NH-, 
5H2O.  This  salt  forms  tetragonal  crystals  of  a  red  colour,  slightly  soluble  in^cold,  but 
-readily  soluble  in  warm  water.  "When  the  sulphate  is  treated  with  baryta,  roseocobaltic 
hydroxide  is  formed  in  the  solution,  which  absorbs  the  carbonic  anhydride  of  the  air. 
It  is  obtained  from  the  next  series  by  the  action  of  alkalis. 

(/)  The  rosetetramine  cobaltic  salts  CoCl2,2H20,4NH3  were  obtained  by  Jiirgenson, 
and  belong  to  the  type  of  the  luteo-salts,  only  with  the  substitution  of  2NH,3  for  HoO. 
Like  the  luteo-  and  roseo-salts  they  give  double  salts  with  PtCl4,  similar  to  the  alkaline 
double  salts,  for  instance  (Co2H20,4NH',-^)2(S04)2Cl2ptCl4.  They  are  darker  in  colour 
than  the  preceding,  but  also  crystallise  well.  They  are  formed  by  dissolving  CoCO,'^  in 
sulphuric  acid  (of  a  given  strength),  and  after  NH3  and  carbonate  of  ammonium  have 
been  added,  air  is  passed  through  the  solution  (for  oxidation)  imtil  the  latter  turns  red. 
It  is  then  evaporated  with  lumps  of  carbonate  of  ammonium,  filtered  from  the  precipi- 
tate and  crystallised.  A  salt  of  the  composition  000(00.^)2(804),  (2H20,4NH-)2  is  thus 
obtained,  from  which  the  other  salts  may  be  easily  prepared. 

ig)  The  pzorpureocohaltic  salts,  CoX5,5NH5,  are  also  products  of  the  direct  oxidation 
of  ammoniacal  solutions  of  cobalt  salts.  They  are  easily  obtained  by  heating  the  roseo- 
cobaltic and  luteo-salts  with  strong  acids.  They  are  to  all  effects  the  same  as  tiie 
roseocobaltic  salts,  only  anhydrous.  Thus,  for  instance,  the  purpureocobaltic  chloride, 
CoqCIbjIONH-,  or  CoCl3,5NH3,  is  obtained  by  fcoiling  the  oxycobaltamine  salts  with 
ammonia.  There  is  the  same  distinction  between  these  salts  and  the  preceding  ones  as 
between  the  various  compounds  of  cobaltous  chloride  with  water.  In  the  purpureo- 
cobaltic only  X2  out  of  the  X5  react  (are  ionised).  To  the  rosetetramine  salts  (/)  there 
correspond  the  purpureotetramine  salts,  CoX;3H20,4NH-,.  The  corresponding  chromium 
purpureopent amine  salt,  CrClsiSNH^  is  obtained  with  particular  ease  (Christensen,  1893). 
Dry  anhydrous  chromium  chloride  is  treated  with  anhydrous  liquid  ammonia  in  a 
freezhig  mixture  composed  of  liquid  00^  and  chlorine,  and  after  some  time  the  mixture 
is  taken  out  of  the  freezing  mixture,  so  that  the  excess  of  NH-  boils  away ;  the  violet 
crystals  then  immediately  acquire  the  red  colour  of  the  salt,  CrCl^jSNHj,  which  is  formed. 
The  product  is  washed  with  water  (to  extract  the  luteo-salt,  CrCl7„6NH,^),  which  does  not 
dissolve  the  salt,  and  it  is  then  recrystallised  from  a  hot  solution  of  hydrochloric  acid. 

(h)  The  prazeocohaltic  salts,  CoX5,4NH'^,  are  green,  and  form,  with  respect  to  the 
rosetetramine  salts  (/),  the  products  of  ultimate  dehydration  (for  example,  like  meta- 
phosphoric  acid  with  respect  to  orthophosphoric  acid,  but  in  dissolving  in  water  they  give 
neither  rosetetramine  nor  tetramine  salts.  (In  my  opinion  one  should  expect  salts  with 
a  still  smaller  amount  of  NH5,  of  the  blue  colour  proper  to  the  low  hydrated  compounds 
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i'-esquioxide  of  cobalt,  cobaltic  oxide^  C02O  3 — than  nickel,  especially  in 
the  presence  of  hypochlorous  acid.     If  a  solution  of  a  cobalt  salt  be 

of  cobalt ;  the  green  colour  of  the  prazeo-salts  already  forms  a  step  towards  the  blue.) 
Jorgeiison  obtained  salts  for  ethylene- diamine,  N2H4O2H4  which  replaces  2NH3.  After 
being  kept  a  long  time  in  aqueous  solution  they  give  rosetetramine  salts,  just  as  meta- 
phosphoric  acid  gives  orthophosphoric  acid, -while  the  rosetetramine  salts  are  converted 
into  prazeo-salts  by  Ag20  ^^^  NaHO.  Here  only  one  X  is  ionised  out  of  the  X5.  There 
are  also  basic  salts  of  the  same  type  ;  but  the  best  known  is  the  chromium  salt  called  the 
rhodozochromic  salt,  Cr2(OH)-Cl;3,0NH5,2H2O,  which  is  formed  by  the  prolonged  action 
of  water  upon  the  corresponding  roseo-salt. 

The  cobaltamine  compounds  diflfer  essentially  but  little  from  the  ammoniacal  com- 
pounds of  other  metals.  The  only  difference  is  that  here  the  cobaltic  oxide  is  obtained 
from  the  cobaltous  oxide  in  the  presence  of  araiuonia.  In  any  case  it  is  a  simpler  question 
than  that  of  the  double  cyanides.  Those  forces  in  virtue  of  which  such  a  considerable 
number  of  ammonia  molecules  are  united  with  a  molecule  of  a  cobalt  compound,  apper- 
tain naturally  to  the  geries  of  those  slightly  investigated  forces  which  exist  even  in  the 
highest  degrees  of  combination  of  the  majority  of  elements.  They  are  the  same  forces 
which  lead  to  the  formation  of  compounds  containing  water  of  crystallisation,  double 
salts,  isomorphous  mixtures  and  complex  acids  (Chapter  XXI.,  Note  8  bis).  The 
simplest  conception,  according  to  my  opinion,  of  cobalt  compounds  (much  more  so  than 
by  assuming  special  complex  radicles,  with  Schiff,  "Weltzien,  Claus,  and  others),  may  be 
formed  by  comparing  them  with  other  ammoniacal  products.  Ammonia,  like  water,  com- 
bines in  various  proportions  with  a  multitude  of  molecules.  Silver  chloride  and  calcium 
chloride,  just  like  cobalt  chloride,  absorb  ammonia,  forming  compounds  which  are  some- 
times slightly  stable,  and  easily  dissociated,  sometimes  more  stable,  in  exactly  the  same 
way  as  water  combines  with  certain  substances,  forming  fairly  stable  compounds  called 
hydroxides  or  hydrates,  or  less  stable  compounds  which  are  called  compounds  with  water 
of  crystallisation.  Naturally  the  difference  in  the  properties  in  both  cases  depends  on 
the  properties  of  those  elements  which  enter  into  the  composition  of  the  given  substance, 
and  on  those  kinds  of  affinity  towards  which  chemists  have  not  as  yet  turned  their 
attention.  If  boron  fluoride,  silicon  fluoride,  &c.,  combine  with  hydrofl.uoric  acid,  if 
platinic  chloride,  and  even  cadmium  chloride,  combine  with  hydrochloric  acid,  these 
compounds  may  be  regarded  as  double  salts,  because  acids  are  salts  of  hydrogen.  But 
evidently  water  and  ammonia  have  the  same  saline  faculty,  more  especially  as  they,  like 
haloid  acids,  contain  hydrogen,  and  are  both  capable  of  further  combination — for  instance, 
ammonia  with  hydrochloric  acid.  Hence  it  is  simpler  to  compare  complex  ammoniacal 
with  double  salts,  hydrates,  and  similar  compounds,  but  the  ainmonio-nietallie  salts 
present  a  most  complete  qualitative  and  quantitative  resemblance  to  the  hydrated  salts 
of  vietals.  The  composition  of  the  datter  is  MXn-jnH.^O,  where  M  =  metal,  X  =  the 
haloid,  simple  or  complex,  and  n  and  m-  the  quantities  of  the  haloid  and  so-called  water 
of  crystallisation  respectively.  The  composition  of  the  ammoniacal  salts  of  metals  is 
MXji/TtNHg.  The  water  of  crystallisation  is  held  by  the  salt  with  more  or  less  stability,  and 
some  salts  even  do  not  retain  it  at  all ;  some  part  with  water  easily  when  exposed  to  the  air, 
others  when  heated,  and  then  with  difficulty.  In  the  case  of  some  metals  all  the  salts  com- 
bine with  water,  whilst  with  others  only  a  few,  and  the  water  so  combined  may  then  be 
easily  disengaged.  All  this  applies  equally  well  to  the  ammoniacal  salts,  and  therefore  the 
combination  of  ammonia  may  be  termed  the  aniTnonia  of  crystallisation.  Just  as  the 
water  which  is  combined  with  a  salt  is  held  by  it  with  different  degrees  of  force,  so  it  is  with 
ammonia.  In  combining  with  2NH'^,  PtCls  evolves  31,000  cals. ;  while  CaClg  only  evolves 
14,000  cals. ;  and  the  fonner  compound  parts  with  its  NH.^^  (together  with  HCl  in  this 
case)  with  more  difficulty,  only  above  200^,  while  the  latter  disengages  ammonia  at  180°. 
ZnCl2,2NH3  in  forming  ZnClg,  4NH3  evolves  only  11,000  cals.,  and  splits  up  again  into 
its  components  at  80°.  The  amount  of  combined  ammonia  is  as  variable  as  the  amount 
of  water  of  crystallisation— for  instance,  Snl48NH5*CrCl28NH3,CrCl56NH3,CrCl55NH5, 
PtCli4NHg,  &c.  are  known.     Very  often  NHg  is  replaceable  by  OH2  and  conversely.    A 
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mixed  with  barium  carbonate  and  an  excess  of  hypocblorous  acid  be 
added,    or  chlorine  gas  be  passed   through  it,    then  at  the    ordinary 

colourless,  anhydrous  cupric  salt — for  instance,  cupric  sulphate — when  combined  with 
water  forms  blue  and  green  salts,  and  violet  when  combined  with  ammonia.  If  steam  be 
passed  through  anhydi-ous  copper  sulphate  the  salt  absorbs  water  and  becomes  heated  ;  if 
ammonia  be  substituted  for  the  water  the  Seating  becomes  much  more  intense,  and  the 
salt  breaks  up  into  a  fine  violet  powder.  With  water  CuSO^jSHgO  is  formed,  and  with 
ammonia  CuS04,5NH5,  the  nmnber  of  water  and  ammonia  molecules  retained  by  the 
salt  being  the  same  in  each  case,  and  as  a  proof  of  this,  and  that  it  is  not  an  isolated 
coincidence,  the  remarkable  fact  must  be  borne  in  mind  that  water  and  ammonia  con- 
secutively, molecule  for  molecule,  are  capable  of  supplanting  each  other,  and  forming  the 
compounds  CuS04,5H20,  CuS04,4H20,NH5;  CuS04,3H20,2NH5 ;  CuS04,2H20,:3NH3 ; 
CuS04,H20,4NH3,  and  CuS04,5NH-.  The  last  of  these  compounds  was  obtained  by 
Henry  Rose,  and  my  experiments  have  shown  that  more  ammonia  than  this  cannot  be 
retained.  By  adding  to  a  strong  solution  of  cupric  sulphate  sufficient  ammonia  to 
dissolve  the  whole  of  the  oxide  precipitated,  and  then  adding  alcohol,  Berzelius  obtained 
the  compound  CuS04,H20,4NH-,  &c.  The  law  of  substitution  also  assists  in  rendering 
these  lAenomena  clearer,  because  a  compound  of  ammonia  with  water  forms  ammonium 
hydroxide,  NH4HO,  and  therefore  these  molecules  combining  with  one  another  may  also 
interchange,  as  being  of  equal  value.  In  general,  those  salts  form  stable  aminoniacal 
compounds  which  are  capable  of  forming  stable  compounds  with  water  of  crystallisation ; 
and  as  ammonia  is  capable  of  combining  with  acids,  and  as  some  of  the  salts  formed  by 
slightly  energetic  bases  in  their  properties  more  closely  resemble  acidfe  (that  is,  salts  of 
hydrogen)  than  those  salts  containing  more  energetic  bases,  we  might  expect  to  find 
more  stable  and  more  easily-formed  ammonio-metallic  salts  with  metals  and  their 
oxides  having  weaker  basic  properties  than  with  those  which  form  energetic  bases.  This 
explains  why  the  salts  of  potassium,  barimn,  &c.,  do  not  form  ammonio-metallic  salts, 
wliilst  the  salts  of  silver,  copper,  zinc,  &c.,  easily  form  them,  and  the  salts  RX5  still 
more  easily  and  with  greater  stability.  This  consideration  also  accounts  for  the  great 
stability  of  the  ammoniacal  compounds  of  cupric  oxide  compared  with  those  of  silver 
oxide,  since  the  former  is  displaced  by  the  latter.  It  also  enables  us  to  see  clearly  the 
distinction  which  exists  in  the  stability  of  the  cobaltamine  salts  coutaining  salts  corre- 
ponding  with  cobaltous  oxide,  and  those  corresponding  with  higher  oxides  of  cobalt, 
for  the  latter  are  weaker  bases  than  cobaltous  oxides.  The  nature  of  the  forces 
and  quality  of  the  jyhenomena  occurring  during  the  formation  of  the  most  stable  sub- 
stances, and  of  such  compounds  as  crystallisahle  compounds,  are  one  and  the  same, 
although  perhaps  exhibited  in  a  different  degree.  This,  in  my  opinion,  may  be  best 
confirmed  by  examining  the  compounds  of  carbon,  because  for  this  element  the  nature 
of  the  forces  acting  during  the  formation  of  its  compounds  is  well  known.  Let  us  take 
as  an  example  two  unstable  compounds  of  carbon.  Acetic  acid,  C2H4O2  (specific  gravity 
1'06J,  with  water  forms  the  hydrate,  C2H402,H20,  denser  (1'07)  than  either  of  the  com- 
ponents, but  unstable  and  easily  decomposed,  generally  simply  referred  to  as  a 
solution.  Such  also  is  the  crystalline  compound  of  oxalic  acid,  C2H2O4,  w'ith  water, 
C2H^04,2H20.  Their  formation  might  be  predicted  as  starting  from  the  hydrocarbon 
C2H5,  in  which,  as  in  any  other,  the  hydrogen  may  be  exchanged  for  clilorine,  the 
water  residue  (hydroxyl),  &c.  The  first  substitution  product  with  hydroxyl,  C2H5(HO), 
is  stable ;  it  can  be  distilled  without  alteration,  resists  a  temperature  higher  than  100°, 
and  then  does  not  give  off  water.  This  is  ordinary  alcohol.  The  second,  C^H4(HO}2, 
can  also  be  distilled  without  change,  but  can  be  decomposed  into  water  and  C0H4O 
(ethylene  oxide  or  aldehyde) ;  it  boils  at  about  197°,  whilst  the  first  hydrate  boils'at  78°, 
a  difference  of  about  100°.  The  compound  C2H.z(aO)^  will  be  the  third  product  of  such 
substitution ;  it  ought  to  boil  at  about  300°,  but  does  not  resist  this  temperature — it  de- 
composes into  H2O  and  C;jH402,  where  only  one  hydroxyl  group  remains,  and  the  other 
atom  of  oxygen  is  left  in  the  same  condition  as  in  ethylene  oxide,  C2H4O.  There  is  a  proof 
of  this.     Glycol,  C2H4(HO)2,  boils  at  197°,  and  forms  water  and  ethylene  oxide,  which 
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temperature   on  shaking,   the  whole  of  the  cobalt  will  be   separated 
in   the  form    of    black   cobaltic    oxide  :     2C0SO4  +  CIHO  +  2BaC03 

boils  at  13°  (aldehyde,  its  isomeride,  boils  at  21°) ;  therefore  the  product  disengaged  by 
the  splitting  up  of  the  hydrate  boils  at  184'^  lower  than  the  hydrate  C2H4{HO)2.  Thus 
the  hydrate  CoH^fHOJs,  which  ought  to  boil  at  about  300°,  splits  up  in  exactly  the  same 
way  into  water  and  the  product  C2H4O2,  which  boils  at  117° — that  is,  nearly  183°  lower 
than  the  hydrate,  C2H5(HO)3.  But  this  hydrate  splits  up  before  distillation.  The 
above-mentioned  hydrate  of  acetic  acid  is  such  a  decomposable  hydrate — that  is  to 
say,  what  is  called  a  solution.  Still  less  stability  may  be  expected  from  the  following 
hydrates.  C2H2(HO)4  also  splits  up  into  water  and  a  hydrate  (it  contains  two  hydroxy! 
groups)  called  glycollic  acid,  C2HoO(HO)2  =  C2HiOr;.  The  next  product  of  substitution 
will  be  C2H(HO)5  ;  it  splits  up  into  water,  H2O,  and  glyoxylic  acid,  C2H4O4  (three 
hydroxyl  groups).  The  last  hydrate  which  ought  to  be  obtained  from  C2H^,  and  ought 
to  contain  C2(H0)t;,  is  the  crystalline  compound  of  oxalic  acid,  C_.Ho04  (two  hydroxyl 
groups),  and  water,  2H2O,  which  has  been  already  mentioned.  The  hydrate  C,.(HO),; 
=  CjH20_|,liH,^0,  ought,  according  to  the  foregoing  reasoning,  to  boil  at  about  600° 
(because  the  hydrate,  C2H4(H0}2,  boils  at  about  200°,  and  the  substitution  of  4  hydroxyl 
groups  for  4  atoms  of  hydrogen  will  raise  the  boiling-point  400°).  It  does  not  resist  this 
temperature,  but  at  u,  much  lower  point  sijlits  up  into  water,  2H2O,  and  the  hydrate 
C20.^.fHO)2,  which  is  also  capable  of  yielding  water.  Without  going  into  further  dis- 
cussion of  this  subject,  it  may  be  observed  that  the  formation  of  the  hydrates,  or  com- 
pounds with  water  of  crystallisation,  of  acetic  and  oxalic  acids  has  thus  received  an 
accurate  explanation,  illustrating  the  point  we  desired  to  prove  in  affirming  that  com- 
pounds with  water  of  crystallisation  are  held  together  by  the  same  forces  as  those  which 
act  in  the  fonnation  of  other  complex  substances,  and  that  the  easy  displace  ability 
of  the  water  of  crystallisation  is  only  a  peculiarity  of  a  local  character,  and  not 
a  radical  point  of  distinction.  All  the  above-mentioned  hydrates,  Co^e,,  or  pro- 
ducts of  their  destruction,  are  actually  obtained  by  the  oxidation  of  the  first  hydrate, 
C^H-(HO),  or  common  alcohol,  by  nitric  acid  (Sokoloff  and  others).  Hence  the  forces 
which  induce  salts  to  combine  with  ?iH^O  or  with  NH-  are  undoubtedly  of  the  same 
order  as  the  forces  which  govern  the  formation  of  ordinary  '  atomic  '  and  saline  com- 
pounds. (A  great  impediment  in  the  study  of  the  former  was  caused  by  the  conviction 
which  reigned  in  the  sixties  and  seventies,  that  '  atomic '  were  essentially  different 
from  '  molecular '  compounds  like  cry stallohy drat es,  in  which  it  was  assumed  that 
there  was  a  combination  of  entire  molecules,  as  though  without  the  participation  of  the 
atomic  forces.)  If  the  bond  between  chlorine  and  different  metals  is  not  equally  strong, 
so  also  the  bond  uniting  ^iHgO  and  j/NH- is  exceeding  variable;  there  is  nothing  very 
surprising  in  this.  And  in  the  fact  that  the  combination  of  different  amounts  of  NH5 
and  H2O  alters  the  capacity  of  the  haloids  X  of  the  salts  RXo  for  reaction  (for  instance, 
in  the  luteo-salts  all  the  X^,  while  in  the  purpureo,  only  2  out  of  the  3,  and  in  the  prazeo- 
salts  only  1  of  the  3  X's  reacts),  we  should  see  in  the  first  place  a  phenomenon  similar 
to  what  we  met  with  in  Cr.^Cle  (Chapter  XXI.,  Note  7  bis),  for  in  both  instances  the  essence 
of  the  difference  lies  in  the  removal  of  water;  a  molecule  RCl-,6H.iO  or  RCl-.GNH- 
contains  the  halogen  in  a  perfectly  mobile  (ionised)  state,  while  in  the  molecule 
RCl.-iSHgO  or  RC1,-„5XH5  a  portion  of  the  halogen  has  almost  lost  its  faculty  for  reacting 
with  AgNO-,  just  as  metalepsical  chlorine  has  lost  tliis  faculty  which  is  fully  developed  in 
the  chloranhydride.  Until  the  reason  of  this  difference  be  clear,  we  cannot  expect  that 
ordinary  points  of  view  and  generalisation  can  give  a  clear  answer.  However,  we  may 
assume  that  here  the  explanation  lies  in  the  nature  and  kind  of  motion  of  the-atoms  in  the 
molecules,  although  as  yet  it  is  not  clear  how.  Nevertheless,  I  think  it  well  to  call 
attention  again  (Chapter  I.)  to  the  fact  that  the  combination  of  water,  and  hence,  also, 
of  any  other  element,  leads  to  most  diverse  consequences ;  the  water  in  the  gelatinous 
hydrate  of  alumina  or  in  the  decahydrated  Glauber  salt  is  very  mobile,  and  easily  reacts 
hke  water  in  a  free  state  ;  but  the  same  water  combined  with  oxide  of  calcium,  or  C2H4 
(for  instance,  in  C2H,,0  and  in  CJl^^jOj^oT  with  P2O5,  has' become  quite  different,  and  no 
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=00503  +  2BaS04  +  HCl  +  2OO2.  Under  these  circumstances  nickelous 
oxide  does  not  immediately  form  black  sesquioxide,  but  after  a  consider- 
able space  of  time  it  also  separates  in  the  form  of  sesquioxide,  NijOj, 
but  always  later  than  cobalt.  This  is  due  to  the  relative  difficulty  of 
further  oxidation  of  the  nickelous  oxide.  It  is,  however,  possible  to 
oxidise  it  ;  if,  for  instance,  the  hydroxide  ISriH202  be  shaken  in  water 
and  chlorine  gas  be  passed  through  it,  then  nickel  chloride  will  be 
formed,  which  is  soluble  in  water,  and  insoluble  nickelic  oxide  in  the 
form  of  a  black  precipitate:  SNiHjOg-l- Cl2=NiCl2  +  Ki20g,3H20. 
Nickelic  oxide  may  also  be  obtained  by  adding  sodium  hypochlorite 
mixed  with  alkali  to  a  solution  of  a  nickel  salt.  Kickelic  and  cobaltic 
hydrates  are  black.  Nickelic  oxide  evolves  oxygen  with  all  acids,  and 
in  consequence  of  this  it  is  not  separated  as  a  precipitate  in  the  presence 
of  acids  ;  thus  it  evolves  chlorine  with  hydrochloric  acid,  exactly  like 
manganese  dioxide.  When  nickelic  oxide  is  dissolved  in  aqueous 
ammonia  it  liberates  nitrogen,  and  an  ammoniacal  solution  of  nickelous 
oxide  is  formed.     When  heated,  nickelic  oxide  loses  oxygen,  forming 

longer  acts  like  water  in  a  free  state.  We  see  the  same  phenomenon  in  many  other 
cases — for  example,  the  chlorine  in  chlorates  no  longer  gives  a  precix^itate  of  chloride  of 
silver  with  AgNOj.  Thus,  although  the  instance  which  is  found  in  the  difference 
between  the  roseo-  and  purpureo-salts  deserves  to  be  fully  studied  on  account  of  its  sim- 
plicity, still  it  is  far  from  being  exceptional,  and  we  cannot  expect  it  to  be  thoroughly 
explained  unless  a  mass  of  similar  instances,  which  are  exceedingly  common  among 
chemical  compounds,  be  conjointly  explained.  (Among  the  researches  which  add  to 
our  knowledge  respecting  the  complex  ammoniacal  compounds,  I  think  it  indispensable 
to  call  the  reader's  attention  to  Prof.  Kournakoif's  dissertation  *  On  complex  metallic 
bases,'  1893.) 

Kournakoff  (1894)  showed  that  the  solubility  of  the  luteo-salt,  CoCl3,6NH,5,  at  0° 
=  4-30  (per  100  of  water),  at  20°  =  7-7,  that  in  passing  into  the  roseo-salt,  C0CI3H2O5NH3, 
the  solubility  rises  considerably,  and  at  0°  =  16'4,  and  at  20°  =  about  27,  whilst  the 
passage  into  the  purpureo-salt,  CoCl5,5NH5,  is  accompanied  by  a  great  fall  in  the 
solubility,  namely,  at  0°  =  0'23,  and  at  20°  =  about  0'5.  And  as  crj'stallohydrates  with  a 
smaller  amount  of  water  are  usually  more  soluble  than  the  higher  crystallohydrates  (Le 
Chatelier),  whilst  here  we  find  that  the  solubility  falls  (in  the  purj)ureo-salt)  with  a  loss 
of  water,  that  water  which  is  contained  in  the  roseo-salt  cannot  be  compared  with  the 
water  of  crystallisation.  Kournakoff,  therefore,  connects  the  fall  in  solubility  (in  the 
passage  of  the  roseo-  into  the  purpureo-salts)  with  the  accompanying  loss  in  the  reactive 
capacity  of  the  chlorine. 

In  conclusion,  it  may  be  observed  that  the  elements  of  the  eighth  group — that  is,  the 
analogues  of  iron  and  platinum — according  to  my  opinion,  will  yield  most  fruitful  results 
when  studied  as  to  combinations  with  whole  molecules,  as  already  shown  by  the  examples 
of  complex  ammoniacal,  cyanogen,  nitro-,  and  other  compounds,  which  are  easily  formed 
in  this  eighth  group,  and  are  remarkable  for  their  stability.  This  faculty  of  the  elements 
of  the  eighth  group  for  forming  the  complex  compounds  alluded  to,  is  in  all  probability 
connected  with  the  position  which  the  eighth  gi'oup  occupies  with  regard  to  the  others. 
Following  the  seventh,  which  forms  the  type  BX7,  it  might  be  expected  to  contain  the 
most  complex  type,  EXg.  This  is  met  with  in  OSO4.  The  other  elements  of  the  eighth 
group,  however,  only  form  the  lower  types  RX.^.,  RX-,  1^X4  ....  and  these  accordingly 
should  be  expected  to  aggregate  themselves  into  the  higher  types,  which  is  accom- 
plished in  the  formation  of  the  above-mentioned  complex  compounds. 
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Tiickelous  oxide.  Cobaltic  oxide,  C02O3,  exhibits  more  stability  than 
nickelic  oxide,  and  shows  feeble  basic  properties  ;  thus  it  is  dissolved 
in  acetic  acid  without  the  evolution  of  oxygen.^^  ^*^  But  ordinary  acids, 
especially  on  heating,  evolve  oxygen,  forming  a  solution  of  a  cobaltous 
salt.  The  presence  of  a  cobaltic  salt  in  a  solution  of  a  cobaltous  salt 
may  be  detected  by  the  brown  colour  of  the  solution  and  the  black 
precipitate  formed  by  the  addition  of  alkali,  and  also  from  the  fact  that 
such  solutions  evolve  chlorine  when  heated  with  hydrochloric  acid. 
Cobaltic  oxide  may  not  only  be  prepared  by  the  above-mentioned 
methods,  but  also  by  heating  cobalt  nitrate,  after  which  a  steel- coloured 
mass  remains  which  retains  traces  of  nitric  acid,  but  when  heated 
further  to  incandescence  evolves  oxygen,  leaving  a  compound  of 
■  cobaltic  and  cobaltous  oxides,  similar  to  magnetic  ironstone.  Cobalt 
(but  not  nickel)  undoubtedly  forms  besides  C02O3  a  dioxide  C0O2. 
'This  is  obtained  ^^  when  the  cobaltous  oxide  is  oxidised  by  iodine  or 
peroxide  of  barium.  ^^ 

55  bis  Marshall  {1891)  obtained  cobaltic  sulphate,  Coo(S04)5,18H20,  by  the  action  of  an 
electric  current  upon  a  strong  solution  of  C0SO4. 

36  The  action  of  an  alkaline  hypochlorite  or  hypobroraite  upon  a  boiling  solution  of 
cobaltous  salts,  according  to  Schroederer  (1889),  produces  oxides,  whose  composition 
varies  between  C05O5  (Rose's  compound)  and  C02O5,  and  also  between  CosOg  and 
CoxjOig.  If  caustic  potash  and  then  bromine  be  added  to  the  liquid,  only  Co^Os  is 
formed.  The  action  of  alkaline  hypoclilorites  or  hypo-bromites,  or  of  iodine,  upon 
cobaltic  salts,  gives  a  highly- coloured  precipitate  which  has  a  different  colour  to  the 
hydrate  of  the  oxide  Coo(OH)^.  According  to  Carnot  the  precipitate  produced  by  the 
hypochlorites  has  a  conaposition  CoioOj,„  whilst  that  given  by  iodine  in  the  presence  of 
an  alkali  contains  a  larger  amount  of  oxygen,  Fortmann  (1891)  reinvestigated  the 
composition  of  the  higher  oxygen  oxide  obtained  by  iodine  in  the  presence  of  alkali,  and 
found  that  the  greenish  precipitate  (v/hich  disengages  oxygen  when  heated,  to  100°) 
-corresponds  to  the  formula  CoOo.  The  reaction  must  be  expressed  by  the  equation : 
C0X2  + 12  +  4KH0  =  CoOo  +  2KX  +  2KI  +  2H2O. 

37  Prior  to  Fortmann,  Rousseau  (1889)  endeavoured  to  solve  the  question  as  to 
whether  C0O2  was  able  to  combine  with  bases.  He  succeeded  in  obtaining  a  barium 
compound  corresponding  to  this  oxide.  Fifteen  grams  of  BaCl2  or  BaBra  are  triturated 
with  5-6  grams  of  oxide  of  barium,  and  the  mixture  heated  to  redness  in  a  closed 
platinum  crucible ;  1  gram  of  oxide  of  cobalt  is  then  gradually  added  to  the  fused  mass. 
Each  addition  of  oxide  is  accompanied  by  a  violent  disengagement  of  oxygen.  After  a 
short  time,  however,  the  mass  fuses  quietly,  and  a  salt  settles  at  the  bottom  of  the 
crucible,  which,  when  freed  from  the  residue,  appears  as  black  hexagonal,  very  brilliant 
crystals.  In  dissolving  in  water  this  substance  evolves  chlorine  ;  its  composition  corre- 
sponds to  the  formula  2(Co02)BaO.  If  the  original  mass  be  heated  for  a  long  time 
(40  hours),  the  amount  of  dioxide  in  the  resultant  mass  decreases.  The  author  ob- 
tained a  neutral  salt  having  the  composition  CoC^BaO  (this  compound  =Ba02CoO) 
by  breaking  up  the  mass  as  it  agglomerates  together,  and  bringing  the  pieces  into 
contact  with  the  more  heated  surface  of  the  crucible.  This  salt  is  formed  between  the 
somewhat  narrow  limits  of  temperature  1,000°-1,100^  ;  above  and  below  these  limits 
compounds  richer  or  poorer  in  C0O2  are  formed.  The  formation  of  CoOg  by  the  action 
of  Ba02,  and  the  easy  decomposition  of  CoOo  with  the  evolution  of  oxygen,  give  reason 
for  thinking  that  it  belongs  to  the  class  of  peroxides  (like  CraO^,  CaOs,  (fee.) ;  it  is  no^  yet 
known  whether  they  give  peroxide  of  hydrogen  like  the  true  peroxides.     The  fact  that 
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Nickel  alloys  possess  qualities  which  render  them  valuable  for 
technical  purposes,  the  alloy  of  nickel  with  iron  being  particularly 
remarkable.  This  alloy  is  met  with  in  nature  as  meteoric  iron.  The 
PallasofTsky  mass  of  meteoric  iron,  preserved  in  the  St.  Petersburg 
Academy,  fell  in  Siberia  in  the  last  century  ;  it  weighs  about  15  cwt. 
and  contains  88  p.c.  of  iron  and  about  10  p.c.  of  nickel,  with  a 
small  admixture  of  other  metals.  In  the  arts  German  silver  is  most 
extensively  used  ;  it  is  an  alloy  containing  nickel,  copper,  and  zinc  in 
various  proportions.  It  generally  consists  of  about  50  parts  of  copper, 
25  parts  of  zinc,  and  25  parts  of  nickel.  This  alloy  is  characterised  by 
its  white  colour  resembling  that  of  silver,  and,  like  this  latter  metal,  it 
does  not  rust,  and  therefore  furnishes  an  excellent  substitute  for  silver 
in  the  majority  of  cases  where  it  is  used.  Alloys  which  contain  silver 
in  addition  to  nickel  show  the  properties  of  silver  to  a  still  greater 
extent.  Alloys  of  nickel  are  used  for  currency,  and  if  rich  deposits  of 
nickel  are  discovered  a  wide  field  of  application  lies  before  it,  not  only 
in  a  pure  state  (because  it  is  a  beautiful  metal  and  does  not  rust)  but 
also  for  use  in  alloys.  Steel  vessels  (pressed  or  forged  out  of  sheet 
steel)  covered  with  nickel  have  such  practical  merits  that  their  manu- 
facture, which  has  not  long  commenced,  will  most  probably  be  rapidly 
developed,  whilst  nickel  steel,  which  exceeds  ordinary  steel  in  its 
tenacity,  has  already  proved  its  excellent  qualities  for  many  purposes 
(for  instance,  for  armour  plate). 

Until  1890  no  compound  of  cobalt  or  nickel  was  known  of  sufficient 
volatility  to  determine  the  molecular  weights  of  the  compounds  of  these 
metals  ;  but  in  1890  Mr.  L.  Mond,  in  conducting  (together  with  Langer 
and  Quincke)  his  researches  on  the  action  of  nickel  upon  carbonic  oxide 
(Chapter  IX.,  Note  24  bis),  observed  that  nickel  gradually  volatilises  in 
a  stream  of  carbonic  oxide  ;  this  only  takes  place  at  low  temperatures, 
and  is  seen  by  the  coloration  of  the  flame  of  the  carbonic  oxide.  This 
observation  led  to  the  discovery  of  a  remarkable  volatile  coinpound  of 
nickel  and  carbonic  oxide,  having  as  molecular  composition  Ni(C0)4,^* 

it  is  obtained  by  means  of  iodine  (probably  through  HIO),  and  its  great  resemblance 
to  MnOj,  leads  rather  to  the  supposition  that  CoOo  is  a  very  feeble  saline  oxide.  The 
form  C0O2  is  repeated  in  the  cobaltic  compounds  (Note  35),  and  the  existence  of  C0O2 
should  have  long  ago  been  recognised  upon  this  basis. 

^^  This  compound  is  known  as  nickel  tetra-carbonyl.  It  appears  to  me  yet  premature 
to  judge  of  the  structure  of  such  an  extraordinary  compound  as  Ni(C0)4.  It  has  long 
been  known  that  potassium  combines  with  CO  forming  K/i(CO)n  (Chapter  IS.,  Note  31), 
but  this  substance  is  apparently  saline  and  non-volatile,  and  has  as  little  in  common 
with  Ni(C0)4  as  Na^H  has  with  SbHj.  However,  Berthelot  observed  that  when  NiC.i04 
is  kept  in  air,  it  oxidises  ajid  gives  a  colourless  compound,  Ni,3C2O3,10H._,O,  having 
apparently  saline  properties.  We  may  add  that  Schutzenberger,  on  reducing  NiClg  by 
heating  it  in  a  current  of  hydrogen,  observed  that  a  nickel  compound  partially  volatilises 
with  the  HCl  and  gives  metallic  nickel  when  heated  again.    The  platinum  compound, 
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as  determined  by  the  vapour  density  and  depression  of  the  freezing 
point.  Cobalt  and  many  other  metals  do  not  form  volatile  compounds 
under  these  conditions,  but  iron  gives  a  similar  product  (Note  26  bis). 
Ni(C0)4  is  prepared  by  taking  finely  divided  Ni  (obtained  by  reducing 
NiO  by  heating  it  in  a  stream  of  hydrogen,  or  by  igniting  the  oxalate 
NiC^Oj)  '^  and  passing  (at  a  temperature  below  50°,  for  even  at  60° 
decomposition  may  take  place  and  an  explosion)  a  stream  of  CO  over 
it ;  the  latter  carries  over  the  vapour  of  the  compound,  which  condenses 
(in  a  well-cooled  receiver)  into  a  perfectly  colourless  extremely  mobile 
liquid,  boiling  without  decomposition  at  43°,  and  crystallising  in  needles 
at  —25°  (Mond  and  Nasini,  1891).  Liquid  ]Sri(C0)4  has  a  sp.  gr.  1-356 
at  0°,  is  insoluble  in  water,  dissolves  in  alcohol  and  benzene,  and  burns 
with  a  very  smoky  flame  due  to  the  liberation  of  Ni.  The  vapour  when 
passed  through  a  tube  heated  to  180°  and  above  deposits  a  brilliant 
coating  of  metal,  and  disengages  CO.  If  the  tube  be  strongly  heated 
the  decomposition  is  accompanied  by  an  explosion.  If  Ni(C0)4  as 
vapour  be  passed  through  a  solution  of  CuCl2,  it  reduces  the  latter  to 
metal ;  it  has  the  same  action  upon  an  ammoniacal  solution  of  AgCl,  strong 
nitric  acid  oxidises  Ni(C0)4,  dilute  solutions  of  acids  have  no  action  ; 
if  the  vapour  be  passed  through  strong  sulphuric  acid,  CO  is  liberated, 
chlorine  gives  NiCl  and  COCI.2  ;  no  simple  reactions  of  double  decom- 
position are  yet  known  for  Ni(C0)4,  however,  so  that  its  connection 
with  other  carbon  compounds  is  not  clear.  Probably  the  formation  of 
this  compound  could  be  applied  for  extracting  nickel  from  it  ores.'"' 

PtCl._,fC0)5  (Chapter  XXIII.,  Note  11),  otters  the  greatest  analogy  to  Ni(C0)4.  This 
compound  was  obtained  as  a  volatile  substance  by  Schutzenberger  by  moderately 
heating  (to  235°)  metallic  platinum  in  a  mixture  of  chlorine  and  carbonic  oxide.  If  we 
designate  CO  by  Y,  and  an  atom  of  chlorine  by  X,  then  taking  into  accomit  that, 
according  to  the  periodic  system,  Ni  is  an  analogue  of  Pt,  a  certain  degree  of  corre- 
spondence is  seen  in  the  composition  XiY4  and  PtX2Y._;.  It  would  be  interesting  to 
compare  the  reactions  of  the  two  compounds. 

^3  According  to  its  empirical  formula  oxalate  of  nickel  also  contains  nickel  and 
carbonic  oxide. 

*o  The  following  are  the  thermo-chemical  data  (according  to  '  Thomson,  and  referred 
to  gram  weights  expressed  by  the  formula,  in  large  calories  or  thousand  units  of  heat) 
for  the  formation  of  corresponding  compounds  of  Mn,  Pe,  Co,  Ni,  and  Cu  (-f-Aq  signifies 
that  the  reaction  proceeds  in  an  excess  of  water) : 


E  =  Mn 

Fe 

Co 

Ni 

Cu 

E  +  Cl„  +  Aq 

128 

100 

95 

94 

63 

R  +  Brj-FAq 

106 

78 

73 

72 

41 

E  -1-  lo  -h  Aq 

76 

48 

43 

41 

32 

B  +  0'-fH,0 

9.5 

68 

63 

61 

38 

R-l-Oj-l-Sbj  +  wHoO 

19.3 

169 

163 

163 

130 

ECl.j-t-Aq 

-1-16 

18 

18 

19 

11 

These  examples  show  that  for  analogous  reactions  the  amount  of  heat  evolved  in 
passing  from  Mn  to  Fe,  Co,  Ni,  and  Cu  varies  in  regular  sequences  as  the  atomic  weight 
increases.  A  similar  difference  is  to  be  found  in  other  groups  and  series,  and  proves, 
that  thermo-chemical  phenomena  are  subject  to  the  periodic  law. 
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CHAPTER  XXIII 

THE     PLATINUM     METALS 

The  six  metals  :  ruthenium,  Ru,  rhodium,  Rh,  palladium,  Pd,  osmium, 
Os,  iridium,  Ir,  and  platinum,  Pt,  are  met  with  associated  together  in 
nature.  Platinum  always  predominates  over  the  others,  and  hence 
they  are  known  tls  the  platinum  metals.  By  their  chemical  character 
their  position  in  the  periodic  system  is  in  the  eighth  group,  correspond- 
ing with  iron,  cobalt,  and  nickel. 

The  natural  transition  from  titanium  and  vanadium  to  copper  and 
zinc  by  means  of  the  elements  of  the  iron  group  is  demonstrated  by  all 
the  properties  of  these  elements,  and  in  exactly  the  same  manner  a 
transition  from  zirconium,  niobium,  and  molybdenum  to  silver,  cadmium, 
and  indium,  through  ruthenium,  rhodium,  and  palladium,  is  in  perfect 
accordance  with  fact  and  with  the  magnitude  of  the  atomic  weights,  as 
also  is  the  position  of  osmium,  iridium,  and  platinum  between  tantalum 
and  tungsten  on  the  one  side,  and  gold  and  mercury  on  the  other.  In 
aU  these  three  cases  the  elements  of  smaller  atomic  weight  (chromium, 
molybdenum,  and  tungsten)  are  able,  in  their  higher  grades  of 
oxidation,  to  give  acid  oxides  having  the  properties  of  distinct  but 
feebly  energetic  acids  (in  the  lower  oxides  they  give  bases),  whilst  the 
elements  of  greater  atomic  weight  (zinc,  cadmium,  mercury),  even  in 
their  higher  grades  of  oxidation,  only  give  bases,  although  with  feebly 
developed  basic  properties.  The  platinum  metals  present  the  same 
intermediate  properties  such  as  we  have  already  seen  in  iron  and  the 
elements  of  the  eighth  group. 

In  the  platinum  metals  the  intermediate  properties  of  feebly  acid 
and  feebly  basic  metals  are  developed  with  great  clearness,  so  that 
there  is  not  one  sharply-defined  acid  anhydride  among  their  oxides, 
although  there  is  a  great  diversity  in  the  grades  of  oxidation  from  the 
type  RO4  to  R2O.  The  feebleness  of  the  chemical  forces  observed  in 
the  platinum  metals  is  connected  with  the  ready  decomposability  of 
their  compounds,  with  the  small  atomic  volume  of  the  metals  them- 
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selves,  and  with  their  large  atomic  weight.  The  oxides  of  platinum, 
iridium,  and  osmium  can  scarcely  be  termed  either  basic  or  acid  ;  they 
are  capable  of  combinations  of  both  kinds,  each  of  which  is  feeble. 
They  are  all  intermediate  oxides. 

The  atomic  weights  of  platinum,  iridium,  and  osmium  are  nearly 
191  to  196,  and  of  palladium,  rhodium,  and  ruthenium,  104  to  106. 
Thus,  strictly  speaking,  we  have  here  two  series  of  metals,  which 
are,  moreover,  perfectly  parallel  to  each  other  ;  three  members  in 
the  first  series,  and  three  members  in  the  second — namely,  platinum 
presents  an  analogy  tij  palladium,  iridium  to  rhodium,  and  osmium 
to  ruthenium.  As  a  matter  of  fact,  however,  the  whole  group  of  the 
platinum  metals  is  characterised  by  a  number  of  common  properties, 
both  physical  and  chemical,  and,  moreover,  there  are  several  points  of 
resemblance  between  the  members  of  this  group  and  those  of  the  iron 
group  (Chapter  XXII.)  The  atomic  volumes  (Table  III.,  column  18) 
of  the  elements  of  this  group  are  nearly  equal  and  very  small.  The  iron 
metals  have  atomic  volumes  of  nearly  7,  whilst  that  of  the  metals  allied 
to  palladium  is  nearly  9,  and  of  those  adjacent  to  platinum  (Pt,  Ir,  Os,) 
nearly  9 '4.  This  comparatively  small  atomic  volume  corresponds  with 
the  great  infusibility  and  tenacity  proper  to  all  the  iron  and  platinum 
metals,  and  to  their  small  chemical  energy,  which  stands  out  very 
clearly  in  the  heavy  platinum  metals.  All  the  platinum  metals  are 
very  easily  rediiced  by  ignition  and  by  the  action  of  various  reducing 
agents,  in  which  process  oxygen,  or  a  haloid  group,  is  disengaged  from 
their  compounds  and  the  metal  left  behind.  This  is  a  property  of  the 
platinum  metals  which  determines  many  of  their  reactions,  and  the 
circumstance  of  their  always  being  found  in  nature  in  a  native  state. 
In  Russia  in  the  Urals  (discovered  in  1819)  and  in  Brazil  (1735) 
platinum  is  obtained  from  alluvial  deposits,  but  in  1892  Professor 
Inostrantseff  discovered  a  vein  deposit  of  platinum  in  serpentine  near 
Tagil  in  the  Urals.  ^  The  facility  with  which  they  are  reduced  is  so 
great  that  their  chlorides  are  even  decomposed  by  gaseous  hydrogen, 
especially  when  shaken  up  and  heated  under  a  certain  pressure.  Hence 
it  will  be  readily  understood  that  such  metals  as  zinc,  iron,  &c.,  separate 
them  from  solutions  with  great  ease,  which  fact  is  taken  advantage  of 
in  practice  and  in  the  chemical  treatment  of  the  platinum  metals.'**' 

'  Wells  and  Penfield  (1888J  have  described  a  mineral  sperryllite  found  in  the  Canadian 
gold-bearing  quartz  and  consisting  of  platimam  diarsenide,  PtAsa-  It  is  a  noticeable  fact 
that  this  mineral  clearly  confirms  the  position  of  platinum  in  the  same  group  as  iron, 
because  it  corresponds  in  crystalline  form  (regular  octahedron)  and  chemical  composition 
with  iron  pyrites,  FeSo. 

1  ^'"  Some  light  is  thrown  upon  the  facility  with  which  the  platinum  compounds 
decompose  by  Thomsen's  data,  showing  that  in  an  excess  of  water  ( +  Aq)  the  formation 
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All  the  platinum  metals,  like  those  of  the  iron  group,  are  grey,  with 
a  comparatively  feeble  metallic  lustre,  and  are  very  infusible.  In  this 
respect  they  stand  in  the  same  order  as  the  metals  of  the  iron  series  ; 
nickel  is  more  fusible  and  whiter  than  cobalt  and  iron,  so  also  palla- 
dium is  whiter  and  more  fusible  than  rhodium  and  ruthenium,  and 
platinum  is  comparatively  more  fusible  and  whiter  than  iridium  or 
osmium.  The  saline  compounds  of  these  metals  are  red  or  yellow,  like 
those  of  the  majority  of  the  metals  of  the  iron  series,  and  like  the 
latter,  the  different  forms  of  oxidation  present  different  colours.  More- 
over, certain  complex  compounds  of  the  platinum  metals,  like  certain 
complex  compounds  of  the  iron  series,  either  have  particular  character- 
istic tints  or  else  are  colourless. 

The  platinum  metals  are  found  in  nature  associated  together  in 
alluvial  deposits  in  a  few  localities,  from  which  they  are  washed, 
owing  to  their  very  considerable  density,  which  enables  a  stream  of 
water  to  wash  away  the  sand  and  clay  with  which  they  are  mixed. 
Platinum  deposits  are  chiefly  known  in  the  Urals,  and  also  in  Brazil 
and  a  -few  other  localities,  The  platinum  ore  washed  from  these 
alluvial  deposits  presents  the  appearance  of  more  or  less  coarse  grains, 
and  sometimes,  as  it  were,  of  semi-fused  nuggets.^ 

All  the  platinum  metals  give  compounds  with  the  halogens",  and  the 
highest  haloid  type  of  combination  for  all  is  RX4.  For  the  majority 
of  the  platinum  metals  this  type  is  exceedingly  unstable  ;  the  lower 
compounds  corresponding  to  the  type  RXj,  which  are  formed  by  the 
separation  of  Xj,  are  more  stable.  In  the  type  RXj  the  platinum 
metals  form  more  stable  salts,  which   ofier  no  little   resemblance  to 

from  platinum,  of  such  a  double  salt  as  PtCl2,2KCl,  is  accompanied  by  a  comparatively 
small  evolution  of  heat  {see  Chapter  XXI.,  Note  40),  for  instance,  Pt  4- Clj  +  2KC1 -I- Aq 
only  evolves  about  33,000  calories  (hence  the  reaction,  Pt  +  Cl2-t-Aq,  will  evidently 
disengage  still  less,  because  PtClo  +  SKCl  evolves  a  certain  amount  of  heat),  whilst  on 
the  other  hand,  Pe -I- Glj  +  Aq  gives  100,000  calories,  and  even  the  reaction  with  copper 
(for  the  formation  of  the  double  salt)  evolves  63,000  calories. 

^  The  largest  amount  of  platinum  is  extracted  in  the  Urals,  about  five  tons  annually. 
A  certain  amount  of  gold  is  extracted  from  the  washed  platinum  by  means  of  mercury, 
which  does  not  dissolve  the  platinum  metals  but  dissolves  the  gold  accompanying  the 
platinum  in  its  ores.  Moreover,  the  ores  of  platinum  always  contain  metals  of  the  iron 
series  associated  with  them.  The  washed  and  mechanically  sorted  ore  in  the  majority 
of  cases  contains  about  70  to  80  p.c.  of  platinum,  about  5  to  8  p.c.  of  iridium,  and  a  some- 
what smaller  quantity  of  osmium.  The  other  platinum  metals — palladium,  rhodium,  and 
ruthenium — occur  in  smaller  proportions  than  the  three  above  named.  Sometimes  grains 
of  almost  pure  osmium-iridium,  containing  only  a  small  quantity  of  other  raetals,  are 
found  in  platinum  ores.  This  osTJiium-iridiuni  may  be  easily  separated  from  the  other 
platinum  metals,  owing  to  its  being  nearly  insoluble  in  aqua  regia,  by  which  the  latter 
are  easily  dissolved.  There  are  grains  of  platinum  which  are  magnetic.  The  grains  of 
osmium-iridium  are  very  hard  and  malleable,  and  are  therefore  used  for  certain  pur- 
poses, for  instance,  for  the  tips  of  gold  pens. 
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the  kindred  compounds  of  the  iron  series — for  example,  to  niokelous 
chloride,  NiCIj,  cobaltous  chloride,  CoCl,,  &c.  This  even  expresses 
itself  in  a  similarity  of  volume  (platinous  chloride,  PtCl2,  volume,  46  ; 
nickelous  chloride,  NiClj  =;  50),  although  in  the  type  RXj  the  true  iron 
metals  give  very  stable  compounds,  whilst  the  platinum  metals  fre- 
quently react  after  the  manner  of  suboxides,  decomposing  into  the 
metal  and  higher  types,  2RX2  =  E.  +  RXj.  This  probably  depends  on 
the  facility  with  which  RX2  decomposes  into  R  and  X2,  when  Xj 
combines  with  the  remaining  portion  of  RX2. 

As  in  the  series  iron,  cobalt,  nickel,  nickel  gives  NiO  and  NijOs, 
whilst  cobalt  and  iron  give  higher  and  varied  forms  of  oxidation,  so 
also  among  the  platinum  metals,  platinum  and  palladium  only  give  the 
forms  RX,  and  RX4,  whilst  rhodium  and  iridium  form  another  and 
intermediate  type,  RXj,  also  met  with  in  cobalt,  corresponding  with 
the  oxide,  having  the  composition  R2O3,  besides  which  they  form 
an  acid  oxide,  like  ferric  acid,  which  is  also  known  in  the  form  of 
salts,  but  is  in  every  respect  unstable.  Osmium  and  ruthenium,  like 
manganese,  form  still  higher  oxides,  and  in  this  respect  exhibit  the 
greatest  diversity.  They  not  only  give  RX2,  RX3,  RX4,  and  RXu, 
but  also  a  still  higher  form  of  oxidation,  RO4,  which  is  not  met  with  in 
any  other  series.  This  form  is  exceedingly  characteristic,  owing  to  the 
fact  that  the  oxides,  OsOj  and  RuO,,  are  volatile  and  have  feebly  acid 
properties.  In  this  respect  they  most  resemble  permanganic  anhydride, 
which  is  also  somewhat  volatile.'^ 

When  dissolved  in  aqua  regia  (PtCl^  is  formed)  and  liberated  from 
the  solution  by  sal-ammoniac  (  (1^114)2  PtCl^  is  formed)  and  reduced  by 
ignition  (which  may  be  done  by  Zn  and  other  reducing  agents,  direct 
from  a  solution  of  PtCl4)  platinum  '  ^'^  forms  a  powdery  mass,  known 

^  In  characterising  the  platinum  metals  according  to  their  relation  to  the  iron  metals, 
it  is  very  important  to  add  two  more  very  remarkable  points.  The  platinimi  metals  are 
capable  of  forming  a  sort  of  unstable  compound  with  hydrogen  \  they  absorb  it  and  only 
part  with  it  when  somewhat  strongly  heated.  This  faculty  is  especially  developed  in 
platinum  and  palladium,  and  it  is  very  characteristic  that  nickel,  which  exactly  corresponds 
with  platinum  and  palladium  in  the  periodic  system,  should  exhibit  the  same  faculty  for 
retaining  a  considerable  quantity  of  hydi'ogen  (Graham's  amd  Eaoult's  experiments). 
Another  characteristic  property  of  the  platinum  metals  consists  in  their  easily  giving 
{like  cobalt  which  forms  the  cobaltic  salts)  stable  and  characteristic  saline  compmimds 
with  ammonia,  and  hke  Pe  and  Co,  double  salts  with  the  cyanides  of  the  alkali  metals, 
especially  in  their  lower  forms  of  combination.  All  the  above  so  clearly  brings  the 
elements  of  the  iron  series  in  close  relation  to  the  platinum  metals,  that  the  eighth  group 
acquires  as  natural  a  character  as  can  be  required,  with  a  certain  originality  or  indivi- 
duality for  each  element. 

5  bi'  Platinum  was  first  obtained  in  the  last  century  from  Brazil,  where  it  was  called 
silver  (platinus).  Watson  in  1750  characterised  platinum  as  a  separate  independent 
metal.     In  1803  Wollaston  discovered    alladium  and  rhodium  in  crude  platinum,  and  at 
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as  spongy  platinum  or  platinum  black.  If  this  powder  of  platinum  be 
heated  and  pressed,  or  hammered  in  a  cylinder,  the  grains  aggregate  or 
forge  together,  and  form  a  continuous,  though  of  course  not  entirely 
homogeneous,  mass.  Platinum  was  formerly,  and  is  even  now,  worked 
up  in  this  manner.  The  platinum  money  formerly  used  in  Russia  was 
made  in  this  way.  Sainte-Claire  Deville,  in  the  fifties,  for  the  first 
time  melted  platinum  in  considerable  quantities  by  employing  a  special 
furnace  made  in  the  form  of  a  small  reverberatory  furnace,  and  com- 
posed of  two  pieces  of  lime,  on  which  the  heat  of  the  oxyhydrogen  flame 
has  no  action.  Into  this  furnace  (shown  in  fig.  34,  Vol.  I.  p.  175) — or, 
more  strictly  speaking,  into  the  cavity  made  in  the  pieces  of  lime — the 
platinum  is  introduced,  and  two  orifices  are  made  in  the  lime  ;  through 
one,  the  upper,  or  side  orifice,  is  introduced  an  oxyhydrogen  gas  burner, 
in  which  either  detonating  gas  or  a  mixture  of  oxygen  and  coal-gas  is 
burnt,  whilst  the  other  orifice  serves  for  the  escape  of  the  products  of 
combustion  and  certain  impurities  which  are  more  volatile  than  the 
platinum,  and  especially  the  oxidised  compounds  of  osmium,  ruthenium, 
and  palladium,  which  are  comparatively  easily  volatilised  by  heat.  In 
this  manner  the  platinum  is  converted  into  a  continuous  metallic  form 
by  means  of  fusion,  and  this  method  is  now  used  for  melting  consider- 
able masses  of  platinum  '  and  its  alloys  with  iridium. 

about  the  same  time  Tennant  distinguished  iridium  and  osmium  in  it.  Professor  Claus, 
of  Kazan,  in  his  researches  on  the  platinum  metals  {about  1840)  discovered  ruthenium 
in  tbem,  and  to  him  are  due  many  important  discoveries  with  regard  to  these  elements, 
such  as  the  indication  of  the  remarkable  analogy  between  the  series  Pd — Rh — Ru  and 
Pt— Ir— Os. 

The  treatment  of  platinum  ore  is  chiefly  carried  on  for  the  extraction  of  the  platinum 
itself  and  its  alloys  with  iridium,  because  these  metals  oiier  a  greater  resistance  to  the 
action  of  chemical  reagents  and  high  temperatures  than  any  of  the  other  malleable  and 
ductile  metals,  and  therefore  the  wire  so  often  used  in  the  laboratory  and  for  technical 
purposes  is  made  from  them,  as  also  are  various  vessels  used  for  chemical  purposes  in 
the  laboratory  and  in  works.  Thus  sulphuric  acid  is  distilled  in  platinum  retorts,  and 
many  substances  are  fused,  ignited,  and  evaporated  in  the  laboratory  in  platinum 
crucibles  and  on  platinum  foil.  Gold  and  many  other  substances  are  dissolved  in  dishes 
made  of  iridium-platinum,  because  the  alloys  of  platinum  and  iridium  are  but  slightly 
attacked  when  subjected  to  the  action  of  aqua  regia. 

The  comparatively  high  density  (about  21-6),  hardness,  ductility,  and  infusibihty  (it 
does  not  melt  at  a  furnace  heat,  but  only  in  the  oxyhydrogen  flame  or  electric  furnace), 
as  well  as  the  fact  of  its  resisting  the  action  of  water,  air,  and  other  reagents,  renders  an 
alloy  of  90  parts  of  platinum  and  10  parts  of  iridium  (Deville's  platinum-iridium  alloy)  a 
most  valuable  material  for  making  standard  weights  and  measures,  such  as  the  metre, 
kilogram,  and  pound,  and  therefore  all  the  newest  standards  of  most  countries  are  made 
of  this  alloy. 

''  This  process  has  altered  the  technical  treatment  of  platinum  to  a  considerable 
extent.  It  has  in  particular  facilitated  the  manufacture  of  alloys  of  platinum  with 
iridium  and  rhodium  from  the  pure  platinum  ores,  since  it  is  sufficient  to  fuse  the 
ore  in  order  for  the  greater  amount  of  the  osmium  to  burn  off,  and  for  the  mass  to  fuse 
into  a  homogeneous,  malleable  alloy,  which  can  be  directly  made  use  of.  There  is  very 
little  ruthenium  in  the  ores  of  platinum.     If  during  fusion  lead  be  added,  it  dissolves 
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To  obtain  pure  ]jlatiiium,  the  ore  is  treated  with  aqua  regia  in  which 
only  the  osmium  and  iridium  are  insoluble.  The  solution  contains  the 
platinum  metals  in  the  form  RCl,,  and  in  the  lower  forms  of  chlorina- 
tion,  RCI3  and  RCI2,  because  some  of  these  metals — for  instance, 
palladium  and  rhodium — form  such  unstable  chlorides  of  the  type  RX4 
that  they  partially  decompose  even  when  diluted  with  water,  and  pass 
into  the  stable  lower  type  of  combination  ;  in  addition  to  which  the 
chlorine  is  very  easily  disengaged  if  it  comes  in  contact  with  substances 
on  which  it  can  act.  In  this  respect  platinum  resists  the  action  of 
heat  and  reducing  agents  better  than  any  of  its  companions — that  is, 
it  passes  with  greater  difficulty  from  PtCl4  to  the  lower  compound 
PtClj.  On  this  is  based  the  method  of  preparation  of  more  or  less 
pure  platinum.  Lime  or  sodium  hydroxide  is  added  to  the  solution  in 
aqua  regia  until  neutralised,  or  only  containing  a  very  slight  excess  of 
alkali.  It  is  best  to  first  evaporate  and  slightly  ignite  the  solution,  in 
order  to  remove  the  excess  of  acid,  and  by  heating  it  to  partially  con- 
vert the  higher  chlorides  of  the  palladium,  &o.,  into  the  lower.  The 
addition  of  alkalis  completes  the  reduction,  because  the  chlorine  held 
in  the  compounds  RX.,  acts  on  the  alkali  like  free  chlorine,  converting 
it  into  a  hypochlorite.  Thus  palladium  chloride,  PdCl4,  for  example, 
is  converted  into  palladious  chloride,  PdClj,  by  this  means,  according 
to  the  equation  PdCl4-)-2NaHO=PdCl2  +  NaCl  +  NaC10-|-H20.  In 
a  similar  manner  iridic  chloride,  IrClj,  is  converted  into  the  trichloride, 
IrClg,  by  this  method.  When  this  conversion  takes  place  the  platinum 
still  remains  in  the  form  of  platinic  chloride,  PtCl4.  It  is  then  possible 
to  take  advantage  of  a  certain  difference  in  the  properties  of  the  higher 
and  lower  chlorides  of  the  platinum  metals.  Thus  lime  precipitates  the 
lower  chlorides  of  the  members  of  the  platinum  metals  occurring  in 
solution  without  acting  on  the  platinic  chloride,  PtCl4,  and  hence  the 
addition  of  a  large  proportion  of  lime  immediately  precipitates  the 
associated  metals,  leaving  the  platinum  itself  in  solution  in  the  form 
of  a  soluble  double  salt,  PtCl^jCaClj.     A  far  better  and  more  perfect 

the  platinum  (and  other  platinum  metals)  owing  to  its  being  able  to  form  a  very  charac- 
teristic alloy  containing  PtPb.  If  an  alloy  of  the  two  metals  be  left  exposed  to  moist 
air,  the  excess  of  lead  is  converted  into  carbonate  (white  lead)  in  the  presence  of  the 
water  and  carbonic  acid  of  the  air,  whilst  the  above  platinum  alloy  remains  unchanged. 
The  white  lead  may  be  extracted  by  dilute  acid,  and  the  alloy  PtPb  remains  unaltered. 
The  other  platinum  metals  also  give  similar  alloys  with  lead.  The  fusibility  of  these 
alloys  enables  the  platinum  metals  to  be  separated  from  the  gangue  of  the  ore,  and  they 
may  afterwards  be  separated  from  the  lead  by  subjecting  the  alloy  to  oxidation  in 
furnaces  furnished  with  a  bone  ash  bed,  because  the  lead  is  then  oxidised  and  absorbed 
by  the  bone  ash,  leaving  the  platinum  metals  untouched.  This  method  of  treatment 
was  proposed  by  H.  Sainte-Claire  Deville  in  the  sixties,  and  is  also  used  in  the  analysis  of 
these  metals  (see  further  on). 
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separationis  effected  by  'means  of  ainmoniiiin  chloride^  which  gives,  with 
platinic  chloride,  an  insoluble  yellow  precipitate,  PtCl4,2NH4Cl,  whilst 
it  forms  soluble  double  salts  with  the  lower  chlorides  E/CI2  and  IICI3, 
so  that  ammonium  chloride  precipitates  the  platinum  only  from  the 
solution  obtained  by  the  preceding  method.  These  methods  are 
employed  for  preparing  the  platinum  which  is  used  for  the  manufacture 
of  platinum  articles,  because,  having  platinum  in  solution  as  calcium 
platinochloride,  PtCaClg,  or  as  the  insoluble  ammonium  platinochloride, 
Pt(NH4)2Cl5,  the  platinum  compound  in  every  case,  after  drying  or 
ignition,  loses  all  the  chlorine  from  the  platinic  chloride  and  leaves  finely- 
divided  metallic  platinum,  which  may  be  converted  into  homogeneous 
metal  by  compression  and  forging,  or  by  fusion.'^ 

-''  For  the  ultimate  purification  of  platinum  from  palladium  and  iridium  the  metals 
must  be  re-dissolved  in  aqua  regia,  and  the  solution  evaporated  until  the  residue  begins 
to  evolve  chlorine.  The  residue  is  then  re-precipitated  with  ammonium  or  potassium 
chloride.  The  precipitate  may  still  contain  a  certain  amount  of  iridium,  which  passes 
with  greater  difficulty  from  the  tetrachloride,  IrClj,  into  the  trichloride,  lirCl^,  but  it  will 
be  quite  free  from  palladium,  because  the  latter  easily  loses  its  chlorine  and  passes  into 
palladious  chloride,  PdCl2,  which  gives  an  easily-soluble  salt  with  potassium  chloride. 
The  precipitate,  containing  a  small  quantity  of  iridium,  is  then  heated  with  sodium 
carbonate  in  a  crucible,  when  the  mass  decomposes,  giving  metallic  platinum  and 
iridium  oxide.  If  potassium  chloride  has  been  employed,  the  residue  after  ignition  is 
washed  with  water  and  treated  with  aqua  regia.  The  iridium  oxide  remains  undissolved, 
and  the  platinum  easily  passes  into  solution.  Only  cold  and  dilute  aqua  regia  must  be 
used.  The  solution  will  then  contain  pure  platinic  chloride,  which  forms  the  starting- 
point  for  the  preparation  of  all  iDlatinum  compounds.  Pure  platinum  for  accurate 
researches  {for  instance,  for  the  unit  of  light,  according  to  Violle's  method)  may  be 
obtained  {Mylius  and  Foerster,  1892)  by  Finkener's  miethod,  by  dissolving  the  impure 
metal  in  aqua  regia  (it  should  be  evaporated  to  drive  off  the  nitrogen  compounds),  and 
adding  NaCl  so  as  to  form  a  double  sodium  salt,  which  is  purified  by  ciystallising  with  a 
small  amount  of  caustic  soda,  washing  the  crystals  with  a  strong  solution  of  NaCl,  and 
then  dissolving  them  in  a  hot  1  p.c.  solution  of  soda,  repeating  the  above  and  ultimately 
igniting  the  double  salt,  previously  dried  at  120°,  in  a  stream  of  hydrogen ;  platinum 
black  and  NaCl  are  then  formed.  The  three  following  are  very  sensitive  tests  (to 
thousandths  of  a  per  cent.)  for  the  presence  of  Ir,  Ku,  Rh,  Pd  (osmium  is  not  usually 
present  in  platinum  which  has  once  been  purified,  siiice  it  easily  volatilises  with  Clg 
and  CO3,  and  in  the  first  treatment  of  the  crude  platinum  either  i^asses  off  as  OsO^ 
or  remains  undissolved),  Fe,  Cu,  Ag,  and  Pb  :  (1)  the  assay  is  alloyed  with  10  parts  of 
pure  lead,  the  alloy  treated  with  dilute  nitric  acid  (to  remove  the  greater  part  of  the 
Pb),  and  dissolved  in  aqua  regia;  the  residue  will  consist  of  Ir  and  Eu;  the  Pb  is 
precipitated  from  the  nitric  acid  solution  by  sulphuric  acid,  whilst  the  remaining 
platinum  metals  are  reduced  from  the  evaporated  solution  by  formic  acid,  and  the 
resultant  precipitate  fused  with  KHSO4 ;  the  Pd  and  Rh  are  thus  converted  into  soluble 
salts,  and  the  former  is  then  precipitated  by  HgCsNs-  (2)  Iron  may  be  detected  by  the 
usual  reagents,  if  the  crude  platinum  be  dissolved  in  aqua  regia,  and  the  platinum 
metals  precipitated  from  the  solution  by  formic  acid.  (3)  If  crude  platinum  (as  foil  or 
sponge)  be  heated  in  a  mixture  of  chlorine  and  carbonic  oxide  it  volatilises  (with  a 
certain  amount  of  Ir,  Pd,  Fe,  &g.)  as  PtCl2,2CO  (Note  11),  whilst  the  whole  of  the  Eh, 
Ag,  and  Cu  it  may  contain  remains  behind.  Among  other  characteristic  reactions  for 
the  platinum  metals,  we  may  mention :  (1)  that  rhodium  is  precipitated  from  the  solution 
obtained  after  fusion  with  KIISO4  (in  which  Pt  does  not  dissolve)  by  NH5,  acetic  and 
formic  acids  ;  (2)  that  dilute  aqua  regia  dissolves  precipitated  Pt,  but  not  Rh;  (3)  that 


376  PRINCIPLES  OF   CHEMISTRY 

MetsMic  platinum  in  a  fused  state  has  a  specific  gravity  of  21  ;  it 
is  grey,  softer  than  iron  but  harder  than  copper,  exceedingly  ductile, 
and  therefore  easily  drawn  into  wire  and  rolled  into  thin  sheets,  and 
may  be  hammered  into  crucibles  and  drawn  into  thin  tubes,  &c.  In 
the  state  in  which  it  is  obtained  by  the  ignition  of  its  compounds, 
it  fonns  a  spongy  mass,  known  as  spongy  platinum,  or  else  as  powder 
(platinum  black). ^  In  either  case  it  is  dull  grey,  and  is  characterised, 
as  we  already  know,  by  the  faculty  of  absorbing  hydrogen  and  other 
gases.  Platinum  is  not  acted  on  by  hydrochloric,  hydriodic,  nitric,  and 
sulphuric  acids,  or  a  mixture  of  hydrofluoric  and  nitric  acids.  Aqua 
regia,  and  any  liquid  containing  chlorine  or  able  to  evolve  chlorine  or 
bromine,  dissolves  platinum.  Alkalis  are  decomposed  by  platinum  at 
a  red  heat,  owing  to  the  faculty  of  the  platinum  oxide,  PtOa,  formed  to 
combine  with  alkaline  bases,  inasmuch  as  it  has  a  feebly-developed  acid 
character  {see  Note    8).      Sulphur,  phosphorus  (the  phosphide,  PtPg, 

if  the  insoluble  residue  of  the  platinum  metals  (Ir,  Ru,  Os)  obtained,  after  treating  with 
aqua  regia,  be  fused  with  a  mixture  of  1  part  of  KNO5  and  8  parts  of  K2CO-  (in  a  gold 
crucible),  and  then  treated  with  water,  it  gives  a  solution  containing  the  Ru  (and  a 
portion  of  the  Ir),  but  which  throws  it  all  down  when  saturated  with  chlorine  and 
boiled  ;  (4)  that  if  iridium  be  fused  with  a  mixture  of  KHO  and  KNO3,  it  gives  a  soluble 
potassium  salt,  IrKoO.j  (the  solution  is  blue),  which,  when  saturated  with  chlorine,  gives 
IrCl4,  which  is  precipitated  by  NH4CI  (the  precipitate  is  black),  forming  a  double  salt, 
leaving  metallic  Ir  after  ignition ;  (5)  that  rhodium  mixed  with  NaCI  and  ignited  in  a 
current  of  chlorine  gives  a  soluble  double  salt  (from  which  sal-ammoniac  separates  Pt 
and  Ir),  which  gives  (according  to  Jorgensen)  a  difficultly  soluble  purpureo-salt  (Chapter 
XXIL,  Note  35),  RhoClgiSNHs,  when  treated  with  NH5;  in  this  form  the  Rh  may  be 
easily  purified  and  obtained  in  a  metallic  form  by  igniting  in  hydrogen ;  and  (6)  that 
palladium,  dissolved  in  aqua  regia  and  dried  (NH.,,G1  throws  down  anyPt),  gives  soluble 
PdCU,  which  forms  an  easily  crystallisable  yellow  salt,  PdClaNH^,  with  ammonia  ;  this 
salt  (Wilm)  may  be  easily  purified  by  crystallisation,  and  gives  metallic  Pd  when 
ignited.  These  reactions  illustrate  the  method  of  separating  the  platinum  metals  from 
each  other. 

^  We  have  already  become  acquainted  with  the  effect  of  finely-divided  platinum  on 
many  gaseous  substances.  It  is  best  seen  in  the  so-called  platiitum  black,  which  is  a 
coal-black  powder  left  by  the  action  of  sulphuric  acid  on  the  aUoy  of  zinc  and  platinum, 
or  which  is  precipitated  by  metallic  zinc  from  a  dilute  solution  of  platinum.  In  any 
case,  finely-divided  platinum  absorbs  gases  more  powerfully  and  rapidly  the  more 
finely  divided  and  porous  it  is.  Sulphurous  anhydride,  hydrogen,  alcohol,  and  many 
organic  substances  in  the  presence  of  such  platinum  are  easily  oxidised  by  the  oxygen  of 
the  air,  although  they  do  not  combine  with  it  directly.  The  absorption  of  oxygen  is  as 
much  as  several  hundred  volumes  per  one  volume  of  platinum,  an  d  the  oxidising  power 
of  such  absorbed  oxygen  is  taken  advantage  of  not  only  in  the  laboratory  but  even  in 
manufacturing  processes.  Asbestos  or  charcoal,  soaked  in  a  solution  of  platinic  chloride 
and  ignited,  is  very  useful  for  this  purpose,  because  by  this  means  it  becomes  coated  with 
platinum  black.  If  50  grams  of  PtCIt  be  dissolved  in  60  c.c.  of  water,  and  70  c.c.  of  a 
strong  (40  p.c.)  solution  of  formic  aldehyde  added,  the  mixture  cooled,  and  then  a 
solution  of  50  grams  of  NaHO  in  50  grams  of  water  added,  the  platinum  is  pre- 
cipitated. After  washing  with  water  the  precipitate  passes  into  solution  and  forms  a 
black  liquid  containing  soluble  colloidal  jjlatinw/n  (Loew,  1890).  If  the  precipitated 
platinum  be  allowed  to  absorb  oxygen  on  the  filter,  the  temperature  rises  40°,  and  a 
very  ipovouQ platinum  blach  is  obtained  which  vigorously  facilitates  oxidation. 
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is  formed),  arsenic  and  silicon  all  act  more  or  less  rapidly  on  platinum, 
under  the  influence  of  heat.  Many  of  the  metals  form  alloys  with  it. 
Even  charcoal  combines  with  platinum  when  it  is  ignited  with  it,  and 
therefore  carbonaceous  matter  cannot  be  subjected  to  prolonged  and 
powerful  ignition  in  platinum  vessels.  Hence  a  platinum  crucible  soon 
becomes  dull  on  the  surface  in  a  smoky  flame.  Platinum  also  forms 
alloys  with  zinc,  lead,  tin,  copper,  gold,  and  silver.''  Although  mercury 
does  not  directly  dissolve  platinum,  still  it  forms  a  solution  or  amalg'am 
with  spongy  platinum  in  the  presence  of  sodium  amalgam  ;  a  similar 
amalgam  is  also  formed  by  the  action  of  sodium  amalgam  on  a  solution 
of  platinum  chloride,  and  is  used  for  physical  experiments. 

There  are  two  kinds  of  platinum  comi^ounds,  PtX4  and  PtX.2. 
The  former  are  produced  by  an  excess  of  halogen  in  the  cold,  and  the 
latter  by  the  aid  of  heat  or  by  the  splitting  up  of  the  former.  The 
starting-point  for  the  platinum  compounds  is  platinum  tetrachloride, 
platinic  chloride,  PtCl4,  obtained  by  dissolving  platinum  in  aqua 
regia.'  •>*»  The  solution  crystallises  in  the  cold,  in  a  desiccator,  in  the 
form  of  reddish-brown  deliquescent  crystals  which  contain  hydrochloric 
acid,  PtCl4,2HCl,6H20,  and  behave  like  a  true  acid  whose  salts  cor- 
respond to  the  formula  RjPtClg — ammonium  platinochloride,  for 
example.""  The  hydrochloric  acid  is  liberated  from  these  crystals  by 
gently  heating  or  evaporating  the  solution  to  dryness  ;  or,  better  still, 
after  treatment  with  silver  nitrate  a  reddish-brown  mass  remains 
behind,  which  dissolves  in  water,  and  forms  a  yellowish-red  solution 
■which  on  cooling  deposits  crystals  of  the  composition  PtCl4,8H20. 
The  tendency  of  PtCl4  to  combine  with  hydrochloric  acid  and  water — 
that  is,  to  form  higher  crystalline  compounds — is  evident  in  the 
platinum  compounds,  and  must  be  taken  into  account  in  explaining 
the  properties  of  platinum  and  the  formation  of  many  other  of  its 
complex  compounds.  Dilute  solutions  of  platinic  chloride  are  yellow, 
and  are  completely  reduced  by  hydrogen,  sulphurous  anhydride,  and 
many  reducing  agents,  which  first  convert  the  platinic  chloride  into 

^  It  is  necessary  to  remark  that  platiiium  when  alloyed  with  silver,  or  as  amalgam, 
is  soluble  in  nitric  acid,  and  in  this  respect  it  differs  from  gold,  so  that  it  is  possible, 
by  alloying  gold  with  silver,  and  acting  on  the  alloy  with  nitric  acid,  to  recognise 
the  presence  of  platinum  in  the  gold,  because  nitric  acid  does  not  act  on  gold  alloyed 
with  silver. 

7  bis  ptCl^  is  also  formed  by  the  action  of  a  mixture  of  HCl  vapour  and  air,  and  by 
the  action  of  gaseous  chlorine  upon  platinum. 

""  Pigeon  (1891)  obtained  fine  yellow  crystals  of  PtHjClg.lHoO  by  adding  strong  sul- 
phuric acid  to  a  strong  solution  of  PtH^Cle.eHoO.  If  crystals  of  HaPtCle.BHoO  be 
melted  in  vacuo  (60°)  in  the  presence  of  anhydrous  potash,  a  red-brown  solid  hydrate  is 
obtained  containing  less  water  and  HCl,  which  parts  with  the  remainder  at  200°,  leaving 
anhydrous  PtCl4.  The  latter  does  not  disengage  chlorine  before  220°,  and  is  perfectly 
soluble  in  water. 
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the  lower  compound  platinous  chloride,  PtCl.2.  That  faculty  which 
reveals  itself  iu  platinum  tetrachloride  of  combining  with  water  of 
crystallisation  and  hydrochloric  acid  is  distinctly  marked  in  its  pro- 
perty, with  which  we  are  already  acquainted,  of  giving  precipitates 
with  the  salts  of  potassium,  ammonium,  rubidium,  cfeo.  In  general  it 
readily  forms  double  salts,  E2PtCl|;=PtCl4 -t-2RCl,  where  R  is  a 
univalent  metal  such  as  potassium  or  NH4.  Hence  the  addition  of  a 
solution  of  potassium  or  ammonium  chloride  to  a  solution  of  platinic 
chloride  is  followed  by  the  formation  of  a  yellow  precipitate,  which  is 
sparingly  soluble  in  water  and  almost  entirely  insoluble  in  alcohol  and 
ether  (platinic  chloride  is  soluble  in  alcohol,  potassium  iridiochloride, 
IrKjClg,  i.e.  a  compound  of  IrClj,  is  soluble  in  water  but  not  in  alcohol). 
It  is  especially  remarkable  in  this  case,  that  the  potassium  compounds 
here,  as  in  a  number  of  other  instances,  separate  in  an  anhydrous  form, 
whilst  the  sodium  compounds,  which  are  soluble  in  water  and  alcohol, 
form  red  crystals  containing  water.  The  composition  Na2PtOl5,6H20 
exactly  corresponds  with  the  above-mentioned  hydrochloric  compound. 
The  compounds  with  barium,  BaPtClgiiHjO,  strontium,  SrPtCl5,8H20, 
calcium,  magnesium,  iron,  manganese,  and  many  other  metals  are  all 
soluble  in  water.* 

8  Nilson  (1877),  who  inyestigated  the  platmoohlorides  of  various  metals  subsequently 
to  Bonsdorff,  Topsoe,  Cleve,  Mariguac,  and  others,  found  that  univalent  and  bivalent 
metals — such  as  hydrogen,  potassium,  ammonium  .  .  beryllium,  calcium,  barium — 
give  compounds  of  such  a  composition  that  there  is  always  twice  as  much  chlorine  in 
the  platinic  chloride  as  in  the  combined  metalho  cliloride ;  for  example,  K2Clo,PtCl4 ; 
BeCl2,PtCl4,8H20,  &:c.  Such  trivalent  metals  as  aluminium,  iron  (ferric),  chromium,  di- 
dymimn,  cerium  (cerous)  form  compounds  of  the  type  RClsPtCli,  in  which  the  amounts  of 
chlorine  are  in  the  ratio  8  :  i.  Only  indium  and  yttrium  give  salts  of  a  different  composi- 
tion—namely, 2InCl3,5PtCl4,S6HoO  and  4YCl3,5PtCl4,51H20.  Such  quadrivalent  metals 
as  thorium,  tin,  zirconium  give  compounds  of  the  type  RCl4,PtCl4,  in  which  the  ratio  of 
the  chlorine  is  1  :  1.  In  this  manner  the  valency  of  a  metal  may,  to  a  certain  extent,  be 
judged  from  the  composition  of  the  double  salts  formed  with  platinic  chloride. 

Platinic  bromide,  PtBr4,  and  iodide,  Ptl4,  are  analogous  to  the  tetrachloride,  but  the 
iodide  is  decomposed  still  more  easily  than  the  chloride.  If  sulphuric  acid  be  added  to 
platinic  chloride,  and  the  solution  evaporated,  it  forms  a,  black  porous  mass  like  char- 
coal, which  deliquesces  in  the  air,  and  has  the  composition  Pt(S04).,.  But  this,  the 
only  oxygen  salt  of  the  type  PtX4,  is  exceedingly  unstable.  This  is  due  to  the  fact  that 
platinum  oxide,  the  oxide  of  the  type  PtO.2,  has  a  feeble  acid  character.  This  is  shown 
in  a  number  of  instances.  Thus  if  a  strong  solution  of  platinic  chloride  treated  with 
sodium  carbonate  be  exposed  to  the  action  of  light  or  evaporated  to  dryness  and  then 
washed  with  water,  a  sodium  platinate,  Pt3Na207,6H20,  remains.  The  composition  of 
this  salt,  if  we  regard  it  in  the  same  sense  as  we  did  the  salts  of  silicic,  titanic,  molybdic 
and  other  acids,  will  be  PtO(ONa)2,2Pt02,6H20 — that  is,  the  same  type  is  repeated  as 
we  saw  in  the  crystalline  compounds  of  platinum  tetrachloride  with  sodium  chloride,  or 
with  hydrochloric  acid — namely,  the  type  PtX48Y,  where  Y  is  the  molecule  H20,HC1,  &c. 
Similar  compounds  are  also  obtained  with  other  alkalis.  They  will  be  platinates  of  the 
alkalis  in  which  the  platinic  oxide,  PtOj,  plays  the  part  of  an  acid  oxide.  Rousseau 
(1889)  obtained  different  grades  of  combination  BaOPt02,  8(BaO)2Pt02,  &o.,  by  igniting 
a  mixture  of  PtCl4  and  caustic  baryta.     If  such  an  alkaline  compound  of  platinum  be 


THE   PLATINUM   METALS  879 

Flatinous  chloride,  PtClg,  is  formed  when  hydrogen  platiuj^chloride, 
PtH2Cl65  is  ignited  at  300°,  or  when  potassixnn  is  heated  at  230° in  a,' 
stream  of  chlorine.  The  undecomposed  tetrachloride  is  extracted  from 
the  residue  by  washing  it  with  water,  and  a  greenish-grey  or  brown 
insoluble  mass  of  the  dichloride  (sp.  gr.  5*9)  is  then  obtained.  It  is 
soluble  in  hydrochloric  acid,  giving  an  acid  solution  of  the  composition 
PtCl^jSHCl,  corresponding  with  the  type  of  double  salts  PtE.2Cl4. 
Although  plabinous  chloride  decomposes  below  500°,  still  it  is  formed  to 
a  small  extent  at  higher  temperatures.  Troost  and  Hautefeuille,  and 
Seelheim  observed  that  when  platinum  was  strongly  ignited  in  a  stream  of 
chlorine,  the  metal,  as  it  were,  slowly  volatilised  and  was  deposited  in 
crystals  ;  a  volatile  chloride,  probably  platinous  chloride,  was  evidently 
formed  in  this  case,  and  decomposed  subsequently  to  its  formation, 
depositing  crystals  of  platinum. 

The  properties  of  platinum  above- described  are  repeated  more  or  less 
distinctly,  or  sometimes  with  certain  modifications,  in  the  above-men- 
tioned associates  and  analogues  of  this  metal.  Thus  although  palladium 
forms  PdCl4,  this  form  passes  into  PdCla  with  extreme  ease.^     Whilst 

treated  with  acetic  acid,  the  alkali  combines  with  the  latter,  and  a  jplatinic  hydroxidey 
Pt(0H)4,  remains  as  a  brown  mass,  which  loses  water  and  oxygen  when  ignited,  and  in 
so  doing  decomposes  with  a  slight  explosion.  WTien  slightly  ignited  this  hydroxide  first 
loses  water  and  gives  the  very  unstable  oxide  PtOg.  Platinic  sulphide,  PtH.^,  belongs  to 
the  same  type ;  it  is  precipitated  by  the  action  of  sulphuretted  hydrogen  on  a  solution 
of  platinum  tetrachloride.  The  moist  precipitate  is  capable  of  attracting  oxygen,  and  is 
then  converted  into  the  sulphate  above  mentioned,  which  is  soluble  in  water.  This 
absorption  of  oxygen  and  conversion  into  sulphate  is  another  illustration  of  the  basic 
nature  of  PtOo,  so  that  it  clearly  exhibits  both  basic  and  acid  properties.  The  latter 
appear,  for  instance,  in  the  fact  that  platinic  sulphide,  PtSs,  gives  crystalline  compounds 
with  the  alkali  sulphides. 

^  In  comparing  the  characteristics  of  the  platinum  metals,  it  must  be  observed  that 
palladium  in  its  form  of  combination  PdXs  gives  saline  compounds  of  considerable 
stability.  Amongst  ^em  palladous  chloride  is  formed  by  the  direct  action  of  chlorine 
or  aqua  regia  {not  in  excess  or  in  dilute  solutions)  on  palladium.  It  forms  a  brown 
solution,  which  gives  a  black  insoluble  precipitate  of  pallndous  iodide^  Pdig,  with 
solutions  of  iodides  (in  this  respect,  as  in  many  others,  palladium  resembles  mercury  in 
the  mercuric  compounds  HgXo).  "With  a  solution  of  mercuric  cyanide  it  gives  a  yellowish 
white  precipitate,  palladous  cyanide,  PdCgN.j,  which  is  soluble  in  potassium  cyanide,  aixd 
gives  other  double  salts,  M2PdC4N4. 

That  portion  of  the  platinum  ore  which  dissolves  in  aqua  regia  and  is  precipitated 
by  ammonium  or  potassium  chloride  does  not  contain  palladium.  It  remains  in  solu- 
tion, because  the  palladic  cliloride,  PdCl4,  is  decomposed  and  the  palladous  chloride 
formed  is  not  precipitated  by  ammonium  chloride ;  the  same  holds  good  for  all  the  other 
lower  chlorides  of  the  platinum  metals.  Zinc  (and  iron)  separates  out  all  the  unprecipi- 
tated  platinum  metals  (and  also  copper,  &c.)  from  the  solution.  The  palladium  is  found 
in  these  platinum  residues  precipitated  by  zinc.  If  this  mixture  of  metals  be  treated 
with  aqua  regia,  all  the  palladium  will  pass  into  solution  as  palladous  chloride  with 
some  platinic  chloride.  By  tliis  treatment  the  main  portion  of  the  iridium,  rhodium,  fee. 
remains  almost  undissolved,  the  platinum  is  separated  from  the  mixture  of  palladous 
and  platinic  chlorides  by  a  solution  of  ammonium  chloride,  and  the  solution  of  palladium 
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rhodium  and  iridium  in  dissolving  in  aqua  regia  also  form  RhCl.^  and 

is  precipitated  by  potassium  iodide  or  mercuric  cyanide.  Wilm  (1881)  sliowed  that 
palladium  may  be  separated  from  an  impure  solution  by  saturating  it  with  ammonia ;  all 
the  iron  present  is  thus  precipitated,  and,  after  filtering,  the  addition  of  hydrochloric 
acid  to  the  filtrate  gives  a  yellow  precipitate  of  an  ammonJo- palladium  compound, 
PdCL>,2NH5,  whilst  nearly  all  the  other  metals  remain  in  solution.  Metallic jjalladiitm 
is  obtained  by  igniting  the  ammonio-compound  or  the  cyanide,  PdC^No.  It  occurs 
native,  although  rarely,  and  is  a  metal  of  a  whiter  colour  than  platinum,  sp.  gr.  11*4, 
melts  at  about  1,500°  ;  it  is  much  more  volatile  than  platinum,  partially  oxidises  on  the 
surface  when  heated  (Wilm  obtained  spongy  palladium  by  igniting  PdCl2,2NH5,  and 
observed  that  it  gives  PdO  when  ignited  in  oxygen,  and  that  on  further  ignition  this 
oxide  forms  a  mixture  of  Pd^O  and  Pd),  and  loses  its  absorbed  oxygen  on  a  further  rise 
of  temperature.  It  does  not  blacken  or  tarnish  (does  not  absorb  sulphur)  in  the  air  at 
the  ordinary  temperature,  and  is  therefore  better  suited  than  silver  for  astronomical  and 
other  instruments  in  which  fine  divisions  have  to  be  engraved  on  a  white  metal,  in  order 
that  the  fine  lines  should  be  clearly  visible.  The  most  remarkable  property  of  palladium, 
discovered  by  Graham,  consists  in  its  capacity  for  absorbing  a  large  amount  of  hydrogen. 
Ignited  palladium  absorbs  as  much  as  940  volumes  of  hydrogen,  or  about  0"7  p.c.  of  its 
own  weight,  which  closely  approaches  to  the  formation  of  the  compound  Pdgll.i,  and 
probably  indicates  the  formation  of  palladium  hydride,  PdgH.  This  absoi-ption 
also  takes  place  at  the  ordinary  temperature— for  example,  when  palladium  serves  as 
an  electrode  at  which  hydrogen  is  evolved.  In  absorbing  the  hydrogen,  the  palladium 
does  not  change  in  appearance,  and  retains  all  its  metallic  properties,  only  its  volume 
increases  by  about  10  p.c. — that  is,  the  hydrogen  pushes  out  and  separates  the  atoms  of 
the  palladium  from  each  other,  and  is  itself  compressed  to  ■g^■^f  of  its  volume.  This  com- 
pression indicates  a  great  force  of  chemical  attraction,  and  is  accompanied  by  the  evolu- 
tion of  heat  (Chapter  II.,  Note  38^.  The  absorption  of  1  grm.  of  hydrogen  by  metallic 
palladium  (Favxe)  is  accompanied  by  the  evolution  of  4*2  thousand  calories  (for  Pt  20, 
for  Na  13,  for  K  10  thousand  units  of  heat).  Troost  showed  that  the  dissociation 
pressure  of  palladium  hydride  is  inconsiderable  at  the  ordinary  temperature,  but  reaches 
the  atmospheric  pressure  at  about  140°.  This  subject  was  subsequently  investigated  by 
A.  A.  Cracow  of  St.  Petersburg  (1894),  who  showed  that  at  first  the  absorption  of 
hydrogen  by  the  palladium  proceeds  like  solution,  according  to  the  law  of  Dalton  and 
Henry,  but  that  towards  the  end  it  proceeds  like  a  dissociation  phenomenon  in  definite 
compounds;  this  forms  another  link  between  the  phenomenon  of  solution  and  of  the 
formation  of  definite  atomic  compounds.  Cracow's  observations  for  a  temperature  18°, 
showed  that  the  electro-conductivity  and  tension  vary  until  a  compound  Pd.^H  is  reached, 
and  namely,  that  the  tension^  rises  with  the  volume  v  of  hydrogen  absorbed,  according 
to  the  law  of  Dalton  and  Henry — for  instance,  for 

p  =  2-l  3-2  5-5  7-7  mm. 

y=  14  20  34  47 

The  maximum  tension  at  18°  is  9  mm.  At  a  temperature  of  about  140°  (in  the  vapour  of 
xylene)  the  maximum  tension  is  about  760  mm.,  and  when  11  =  10  —  50  vols,  the  tension 
(according  to  Cracow's  experiments)  stands  at  90  —  450  mm. — that  is,  increases  in  pro- 
portion to  the  volume  of  hydrogen  absorbed.  But  from  the  point  of  view  of  chemical 
mechanics  it  is  especially  important  to  remark  that  Moutier  clearly  showed,  through 
palladium  hydride,  the  similarity  of  the  phenomena  which  proceed  in  evaporation  and 
dissociation,  which  fact  Henri  Sainte-Claire  Deville  placed  as  a  fundamental  proposition 
in  the  theory  of  dissociation.  It  is  possible  upon  the  basis  of  the  second  law  of  the 
theory  of  heat,  according  to  the  law  of  the  variation  of  the  tension^  of  evaporation  with 
the  temperature  T  (counted  from  —273°),  to  calculate  the  latent  heat  of  evaporation 
L  {see  works  on  physics)  because  424  L  =  T  (l/^Z  — 1/D)  dpjdt,  where  (i  and  D  are  the 
weights  of  cubic  measures  of  the  gas  (vapour)  and  liquid.  (Thus,  for  instance,  for 
water,  when  ^  =  100°,  T  =  373,   d  =  0-605,  !>  =  960,  dpjdt  =  0-021  m.,  13,596  =  367,   L  =  536, 
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IrCl4,  but  they  pass  into  RhClg  and  IrClg  ^  ^^=  very  easily  when  heated 

whence  424  L  =  227,264,  and  the  second  portion  of  the  equation  220,144,  which  is 
sufficiently  near,  within  the  limits  of  experimental  error,  see  Chapter  I.,  Note  11.) 
The  same  equation  is  applicable  to  the  dissociation  of  NaaH  and  KgH — (Chapter  XII., 
Note  42) — but  it  has  only  been  verified  in  this  respect  for  PdaH,  since  Moutier,  by 
calculating  the  amount  of  heat  L  evolved,  for  i  =  20,  according  to  the  variation  of 
the  tension  {dpldt)  obtained  4'1  thousand  calories,  which  is  very  near  the  figure 
obtained  experimentally  by  Favre  {see  Chapter  XII.,  Note  44).  The  absorbed  hydrogen 
is  easily  disengaged  by  ignition  or  decreased  pressure.  The  resultant  compound 
does  not  decompose  at  the  ordinary  temperature,  but  when  exposed  to  air  the  metal 
sometimes  glows  spontaneously,  owing  to  the  hydrogen  burning  at  the  expense  of 
the  atmospheric  oxygen.  The  hydrogen  absorbed  by  palladium  acts  towards  many 
solutions  as  a  reducing  agent ;  in  a  word,  everything  here  points  to  the  formation  of  a 
definite  compoimd  and  at  the  same  time  of  a  physically-compressed  gas,  and  forms  one 
of  the  beat  examples  of  the  bond  existing  between  chemical  and  physical  processes,  to 
which  we  have  many  times  drawn  attention.  It  must  be  again  remembered  that  the 
other  metals  of  the  eighth  group,  even  copper,  are,  like  palladium  and  platinum,  able  to 
combine  with  hydrogen.  The  permeability  of  iron  and  platinum  tubes  to  hydrogen  is 
naturally  due  to  the  formation  of  similar  compounds,  but  palladium  is  the  most 
permeable. 

9  ^^  Hhodhnn  is  generally  separated,  together  with  iridium,  from  the  residues  left 
after  the  treatment  of  native  platinmcn,  because  the  palladium  is  entirely  separated  from 
them,  and  the  ruthenium  is  present  in  them  in  very  small  traces,  whilst  the  osmium  at 
any  rate  is  easily  separated,  as  we  shall  soon  see.  The  mixture  of  rhodium  and  indium 
which  is  left  undissolved  in  dilute  aqua  regia  is  dissolved  in  chlorine  water,  or  by  the 
action  of  chlorine  on  a  mixture  of  the  metals  with  sodium  chloride.  In  either  case  both 
metals  pass  into  solution.  They  may  be  separated  by  many  methods.  In  either  case 
{if  the  action  be  aided  by  heat)  the  rhodium  is  obtained  in  the  form  of  the  chloride 
RhCl^,  and  the  iridium  as  iridious  chloride,  IrClg.  They  both  form  double  salts  with 
sodium  chloride  which  are  soluble  in  water,  but  the  iridium  salt  is  also  partially  soluble 
in  alcohol,  whilst  the  rhodium  salt  is  not.  A  mixture  of  the  chlorides,  when  treated  with 
dilute  aqua  regia,  gives  iridic  chloride,  IrCli,  whilst  the  rhodium  chloride,  EhCl^,  re- 
mains unaltered ;  ammonium  chloride  then  precipitates  the  iridium  as  ammonium  iridio- 
chloride,  Ir(NH4)oCl,;,  and  on  evaporating  the  rose-coloured  filtrate  the  rhodium  gives 
a  crystalline  salt,  ith(NII^)5Cl6.  Rhodium  and  its  various  oxides  are  dissolved  when 
fused  with  potassium  hydrogen  sulphate,  and  give  a  soluble  double  sulphate  (whilst 
iridium  remains  unacted  on) ;  this  fact  is  very  characteristic  for  this  metal,  which  offers 
in  its  properties  many  points  of  resemblance  with  the  iron  metals.  When  fused  with 
potassium  hydroxide  and  chlorate  it  is  oxidised  like  iridium,  but  it  is  not  afterwards 
soluble  in  water,  in  which  respect  it  differs  from  ruthenium.  This  is  taken  advantage  of  for 
separating  rhodium,  ruthenium,  and  iridium.  In  any  case,  rhodium  under  ordinary 
conditions  always  gives  salts  of  the  type  RX3,  and  not  of  any  other  type  ;  and  not  only 
halogen  salts,  but  also  oxygen  salts,  are  known  in  this  tj'pe,  which  is  rare  among 
the  platinum  metals.  Rhodium  cliloride,  RhCls,  is  known  in  an  insoluble  anhydrous 
and  also  in  a  soluble  form  (like  CrXs  or  salts  of  chromic  oxides),  in  which  it  easily  gives 
double  salts,  compounds  with  water  of  crystallisation,  and  forms  rose-coloured  solutions. 
In  this  form  rhodium  easily  gives  double  salts  of  the  two  types  RhMgClg  and  RhM2Cl,-, — 
for  example,  KgRhCli^SHsO  and  K2RhCl5,H20.  Solutions  of  the  salts  (at  least,  the 
ammonium  salt)  of  the  first  kind  give  salts  of  the  second  kind  when  they  are  boiled.  If 
a  strong  solution  of  potash  be  added  to  a  red  solution  of  rhodium  cliloride  and  boiled,  a 
black  precipitate  of  the  hydroxide  Eh(0H)5  is  formed  ;  but  if  the  solution  of  potash  is 
added  little  by  little,  it  gives  a.  yellow  precipitate  containing  more  water.  This  yellow 
hydrate  of  rhodium  oxide  gives  a  yellow  solution  when  it  is  dissolved  in  acids,  which 
only  becomes  rose-coloured  after  being  boiled.  It  is  obvious  a  change  here  takes  place, 
like  the  transmutations  of  the  salts  of  chromic  oxide.     It  is  also  a  remarkable  fact  that 
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or  when  acted  upon  by  substances  capable  of  taking  up  chlorine  (even 
alkalis,  which  form  bleaching  salts).  Among  the  platinum  metals, 
ruthenium  and  osmium  have  the  most  acid  character,  and  although  they 
•  give  RuClj  and  OsCl^  they  are  easily  oxidised  to  R-uO^  and  OSO4  by 
the  action  of  chlorine  in  the  presence  of  water  ;  the  latter  are  volatile 
and  may  be  distilled  with  the  water  and  hydrochloric  acid,  from  a 
solution  containing  other  platinum   metals.^  ^"     Thus  with   respect  to 

the  black  hydroxide,  like  many  other  oxidised  compouDids  of  the  platinoid  metals,  does 
not  dissolve  in  the  ordinary  oxygen  acids,  whilst  the  yellow  hydroxide  is  easily  soluble 
and  gives  yellow  solutions,  which  deposit  imperfectly  crystallised  salts.  Metallic 
rhodium  is  easily  obtained  by  igniting  its  oxygen  and  other  compounds  in  hydrogen,  or 
by  precipitation  with  zinc.  It  resembles  platinum,  and  has  a  sp.  gr.  of  12"1.  At  the 
ordinary  temperature  it  decomposes  formic  acid  into  hydrogen  and  carbonic  anhydride, 
with  development  of  heat  (Deville).  With  the  alkali  sulphites,  the  salts  of  rhodium  and 
iridium  of  the  type  RX3  give  sparingly-soluble  precipitates  of  double  sulphites  of  the 
composition  E(SO-,Na)5,H20,  by  means  of  winch  these  metals  may  be  separated  from 
solution,  and  also  may  be  separated  from  each  other,  for  a  mixture  of  these  salts  when 
treated  with  strong  sulphuric  acid  gives  a  soluble  iridium  sulphate  and  leaves  a  red  in- 
soluble double  salt  of  rhodium  and  sodium.  It  may  be  remarked  that  the  oxides  ItjOj  and 
RhoO^  are  comparatively  stable  and  are  easily  formed,  and  that  they  also  form  different 
double  salts  (for  instance,  Ii-Cl3,3KCl3H.O,  RhCl5,2NH4Cl4HoO,  RhCl3,3NHiCllAHoO) 
and  compounds  like  the  cobaltia  compounds  (for  instance,  luteo-salts  RhX5,6NH5,  roseo- 
salts,  RhX-H.j05XH-,  and  purpureo- salts  IrX5,5NH3.  Sec.)  Iridious  oxide,  Ir.^Os,  is 
obtained  by  fusing  iridious  chloride  and  its  compounds  with  sodium  carbonate,  and 
treating  the  mass  with  water.  The  oxide  is  then  left  as  a  black  powder,  which,  when 
strongly  heated,  is  decomposed  into  iridium  and  oxygen;  it  is  easily  reduced,  and  is 
insoluble  in  acids,  which  indicates  the  feeble  basic  character  of  this  oxide,  in  many 
respects  resembling  such  oxides  as  cobaltic  oxide,  eerie  or  lead  dioxide,  itc.  It  does  not 
dissolve  when  fused  with  potassium  hydrogen  sulphate.  Rhodium  oxide,  RhaOs,  is  a 
far  more  energetic  base.     It  dissolves  when  fused  with  potassium  hydrogen  sulphate. 

From  what  has  been  said  respecting  the  separation  of  platinum  and  rhodium  it  will 
be  understood  how  the  compounds  of  iridium,  which  is  the  main  associate  of  platinum, 
are  obtained.  In  describing  the  treatment  of  osmiridium  we  shall  again  have  an 
opportunity  of  learning  the  method  of  extraction  of  the  compounds  of  this  metal,  which 
has  in  recent  times  found  a  technical  application  in  the  form  of  its  oxide,  Ir^Og; 
this  is  obtained  from  many  of  the  compounds  of  iridium  by  ignition  with  water,  is 
easily  reduced  by  hydrogen,  and  is  insoluble  in  acids.  It  is  used  in  painting  on  cliina, 
for  giving  a  black  colour.  Iridium  itself  is  more  difficultly  fusible  than  platinum,  and 
when  fused  it  does  not  decompose  acids  or  even  aqua  regia ;  it  is  extremely  hard,  and  is 
not  malleable  ;  its  sp.  gr.  is  22'4.  In  the  form  of  powder  it  dissolves  in  aqua  regia,  and 
is  even  partially  oxidised  when  heated  in  air,  sets  fire  to  hydrogen,  and,  in  a  word,  closely 
resembles  platinum.  Heated  in  an  excess  of  chlorine  it  gives  iridic  chloride,  IrCl4,  but 
this  loses  chlorine  at  50°  ;  it  is,  however,  more  stable  in  the  form  of  double  salts,  which 
have  a  characteristic  black  colour — for  instance,  Ir(NH4)2Clg — but  they  give  iridious 
chloride,  IrCls,  when  treated  with  sulphuric  acid. 

9  tri  "^e  have  yet  to  become  acquainted  with  the  two  remaining  associates  of  platinum 
— ruthenium  and  osmium — whose  most  important  property  is  that  they  ore  oxidised 
even  when  heated  in  air,  and  that  they  are  able  to  give  volatile  oxides  of  the  form  RUO4 
and  OSO4  ;  these  have  a  powerful  odour  (like  iodine  and  nitrous  anhydride).  Both  these 
higher  oxides  are  solids ;  they  volatilise  with  great  ease  at  100°  ;  the  former  is  yellow 
and  the  latterwhite.  They  are  known  as  ruthenic  and  osmic  anhydrides,  although  their 
aqueous  solutions  (they  both  slowly  dissolve  in  water)  do  not  show  an  acid  reaction,  and 
although  they  do  not  even  expel  carbonic  anhydride  from  potassium,  carbonate,  do  not 
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the  types  of  combination,  all  the  platinum  metals,  under  certain  circum- 
stances, give  compounds  of  the  type  RX4 — for  instance,  HO.;,  RCI4,  &c. 

■give  crystalline  salts  with  bases,  and  their  alkaline  solutions  partially  deposit  them 
again  when  boiled  (an  excess  of  water  decomposes  the  salts).  The  formuliB  OSO4  and- 
RUO4  correspond  with  the  vapour  density  of  these  oxides.  Thus  Deville  found  the 
vapour  density  of  osmic  anhydride  to  be  128  (by  the  formula  127'5)  referred  to  hydrogen. 
Tennant  and  Vauquelin  discovered  this  compound,  and  Berzehus,  "Wdhler,  Fritzsche, 
Struv^,  Deville,  Clans,  Joly,  and  others  helped  in  its  investigation;  nevertheless  there 
are  still  many  questions  concerning  it  which  remain  unsolved.  It  should  be  observed 
that  RO4  is  the  highest  known  form  for  an  oxygen  compound,  and  RH4  is  the  highest 
known  form  for  a  compound  of  hydrogen ;  whilst  the  highest  forms  of  acid  hydrates 
contain  SiH^Oj,  PH3O4,  SH2O4,  CIHO4 — all  with  four  atoms  of  oxygen,  and  therefore  in 
this  number  there  is  apparently  the  limit  for  the  simple  forms  of  combination  of  hydrogen 
and  oxygen.  In  combination  with  several  atoms  of  an  element,  or  several  elements 
there  may  be  more  than  O4  or  H4,  but  a  molecule  never  contains  more  than  four  atoms 
of  either  0  or  H  to  one  atom  of  another  element.  Thus  the  simplest  forms  of  combina- 
tion of  hydrogen  and  oxygen  are  exhausted  by  the  list  BH.,,  RH5,  RHj,  RH,  RO,  RO.,, 
RO5,  RO4.  The  extreme  members  are  RH4  and  RO4,  and  are  only  met  with  for  such 
elements  as  carbon,  silicon,  osmium,  ruthenium,  which  also  give  RCI4  with  chlorine. 
In  these  extreme  forms,  RH4  and  RO4,  the  compounds  are  the  least  stable  (com- 
pare SiH4,  PII5,  SH.,,  CIH,  or  RuOj,  M0O3,  ZrOo,  SrO),  and  easily  give  up  part,  or  even 
all,  their  oxygen  or  hydrogen. 

The  primary  source  from  which  the  compounds  of  ruthenium  and  osmium  are 
obtained  is  either  osniiriclium  (the  osmium  predominates,  from  IrOs  to  IrOs4,  sp.  gr. 
from  16  to  21),  which  occurs  in  platinum  ores  (it  is  distinguished  from  the  grains  of 
platinum  by  its  crystalline  structure,  hardness,  and  insolubility  in  aqua  regia),  or  else 
those  insoluble  residues  which  are  obtained,  as  we  saw  above,  after  treating  platinum 
with  aqua  regia.  Osmium  predominates  in  these  materials,  which  sometimes  contain 
from  30  p.c.  to  40  p.c.  of  it,  and  rarely  more  than  4  p.c.  to  5  p.c.  of  ruthenium.  The 
process  for  their  treatment  is  as  follows :  they  are  first  fused  with  6  parts  of  zinc,  and 
the  zinc  is  then  extracted  with  dilute  hydrochloric  acid.  The  osmiridium  thus  treated 
is,  according  to  Fritzsche  and  Struve's  method,  then  added  to  a  fused  mixture  of 
potassium  hydroxide  and  chlorate  in  an  iron  crucible ;  the  mass  as  it  begins  to  evolve 
oxygen  acts  on  the  metal,  and  the  reaction  afterwards  proceeds  spontaneously.  The 
dark  product  is  treated  with  water,  and  gives  a  solution  of  osmium  and  ruthenium  in 
the  form  of  soluble  salts,  R2OSO4  and  E2RUO4,  whilst  the  insoluble  residue  contains  a, 
mixture  of  oxides  of  iridium  (and  some  osmium,  rhodium,  and  ruthenium),  and  grains 
of  metallic  iridium  still  unacted  on.  According  to  Fremy's  method  the  lumps  of 
osmiridium  are  straightway  heated  to  whiteness  in  a  porcelain  tube  in  a  stream  of  air  or 
oxygen,  when  the  very  volatile  osmic  anhydride  is  obtained  directly,  and  is  collected  in 
a  well-cooled  receiver,  whilst  the  ruthenium  gives  a  crystalline  sublimate  of  the  dioxide, 
RUO2,  which  is,  however,  very  difficultly  volatile  {it  volatilises  together  with  osmic 
anhydride),  and  therefore  remains  in  the  cooler  portions  of  the  tube  ;  this  method  does 
not  give  volatile  ruthenic  anhydride,  and  the  iridium  and  other  metals  are  not  oxidised 
or  give  non-volatile  products.  This  method  is  simple,  and  at  once  gives  dry,  pure  osmic 
anhydride  in  the  receiver,  and  ruthenium  dioxide  in  the  sublimate.  The  air  which 
passes  through  the  tube  should  be  previously  passed  through  sulphuric  acid,  not  only  in 
order  to  dry  it,  but  also  to  remove  the  organic  and  reducing  dust.  The  vapour  of  osmic 
anhydride  must  be  powerfully  cooled,  and  ultimately  passed  over  caustic  potash.  A 
third  mode  of  treatment,  which  is  most  frequently  employed,  was  proposed  by  Wohler, 
and  consists  in  slightly  heating  (in  order  that  the  sodium  chloride  should  not  melt)  an 
intimate  mixture  of  osmiridium  and  common  salt  in  a  stream  of  moist  chlorine.  The 
metals  then  form  compounds  with  chlorine  and  sodium  chloride,  whilst  the  osmium 
forms  the  chloride,  O8CI4,  which  reacts  with  the  moisture,  and  gives  osmic  anhydride, 
which  is  condensed.     The  ruthenium  in  this,  as  in  the  other  processes,  does  not  directly 
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But  this  is  the  highest  form  for  only  platinum  and  palladium. 
The  remaining  platinum  metals  fui'ther,  Ukt"  iron,  give  acids  of  the  type 

give  rutheuic  anliydride,  but  is  always  extracted  as  the  soluble  ruthenium  salt,  K-iRuO^, 
obtained  by  fusion  with  potassium  hydroxide  and  chlorate  or  nitrate.  When  the  orange- 
ooloured  mthenate,  K0RUO4,  is  mixed  with  acids,  the  liberated  i-uthenic  acid  immediately 
decomposes  into  the  volatile  ruthenic  anhydi'ide  and  the  insoluble  rnfchenic  oxide  : 
2EoEu04^4HX05=Ru04  +  Ru0.2,2Hj0^4KN'05.  When  once  one  of  the  above  com- 
pounds of  ruthenium  or  osmium  is  procured  it  is  easy  to  obtain  all  the  i-emaining 
compounds,  and  by  reduction  (by  metals,  hydrogen,  foiinic  acid,  ttc.)  the  metals 
themselves. 

Osmic  anhydride,  OSO4,  is  very  easily  deoxidised  by  many  methods.  It  blackens 
organic  substances,  owing  to  reduction,  and  is  therefore  used  in  investigating  vegetable 
and  animal,  and  especially  nerve,  preparations  under  the  microscope.  Although  osmic 
anhydride  may  be  distilled  in  hydrogen,  still  complete  reduction  is  aocompHshed  when  a 
mixture  of  hydrogen  and  osmic  anhydride  is  slightly  ignited  (just  before  it  inflames).  If 
osmium  be  placed  in  the  flame  it  is  oxidised,  and  gives  vapours  of  osmic  anhydride,  which 
become  reduced,  and  the  flame  gives  a  brilliant  light.  Osmic  anhydride  deflagrates 
like  nitre  on  red-hot  charcoal ;  zinc,  and  even  mercury  and  silver,  reduce  osmic  anhydride 
from  its  aqueous  solutions  into  the  lower  oxides  or  metal ;  such  reducing  agents  as 
hydi'ogen  sulphide,  ferrous  sulphate,  or  sulphurous  anhydride,  alcohol,  itc,  act  in  the 
same  manner  with  great  ease. 

Tbe  lower  oxides  of  osmium,  ruthenium,  and  of  the  other  elements  of  the  platinum 
series  are  not  volatile,  and  it  is  noteworthy  that  the  other  elements  behave  differently. 
On  comparing  SOo,  SO5;  As^Os,  As.>05 ;  P2O3,  PoOs;  CO,  CO.2,  &c.,  we  observe  a 
converse  phenomenon  ;  the  higher  oxides  are  less  volatile  than  the  lower.  In  the  case 
of  osmium  all  the  oxides,  with  the  exception  of  the.  highest,  are  non-volatile,  and  it  may 
therefore  be  thought  that  this  higher  form  is  more  simply  constituted  than  the  lower. 
It  is  xiossible  that  osmic  oxide,  OsOo,  stands  in  tbe  same  relation  to  the  anhydride  as 
C.>H4  to  CH4 — i.e.  the  lower  oxide  is  perhaps  OsjO],  or  is  still  more  polymerised,  which 
would  explain  why  the  lower  oxides,  having  a  greater  molecular  weight,  are  less  volatile 
than  the  higher  oxides,  just  as  we  saw  in  the  case  of  the  nitrogen  oxides,  NoO  and  XO. 

Huthenium  and  osmium.,  oht^^nQ^  by  the  ignition  or  reduction  of  their  compounds 
in  the  form  of  powder,  have  a  density  considerably  less  than  in  the  fused  form,  and  differ 
in  this  condition  in  their  capacity  for  reaction ;  they  are  much  more  difficultly  fused  than 
platinum  and  iridium,  although  ruthenium  is  more  fusible  than  osmium.  Ruthenium 
in  powder  has  a  specific  gravity  of  S5,  tbe  fused  metal  of  12"^  ;  osmium  in  powder  has  a 
specific  gravity  of  20'0,  and  when  semi-fused — or,  more  strictly  speaking,  agglomerated— 
in  the  oxy-hydrogen  flame,  of  21'4,  andfused  22'5.  The  powder  of  sUghtly-heated  osmium 
oxidises  very  easily  in  the  air,  and  when  ignited  bums  like  tinder,  directly  forming  the 
odoriferous  osmic  anhydride  (hence  its  name,  from  the  Greek  word  signifyiug  odour) ; 
ruthenium  also  oxidises  when  heated  in  air,  but  with  more  difficulty,  forming  the  oxide 
RuOo.  The  oxides  of  the  types  RO,  R2O5,  and  ROo  (and  their  hydrates)  obtained  by 
reduction  from  the  higher  oxides,  aoid  also  from  the  chlorides,  are  analogous  to  those 
given  by  the  other  platinum  metals,  in  which  respect  osmium  and  ruthenium  closely 
resemble  them.  "We  may  also  remark  that  ruthenium  has  been  found  in  the  platinum 
deposits  of  Borneo  in  the  foi-m  of  laio'ite,  RU0S5,  in  grey  octahedra  of  sp.  gr.  7'0. 

For  osmium,  iloraht  and  Wischin  (1893)  obtained  free  osmic  acid,  H2OSO4,  by 
decomposing  K2OSO4  with  water,  and  precipitating  with  alcohol  in  a  current  of  hydrogen 
(because  in  air  volatile  OSO4  is  formed);  with  H.^S,  osmic  acid  gives  Os05(HS)2  at  the 
ordinary  temperature. 

Debray  and  Joly  showed  that  ruthenic  anhydride,  RuO^,  fuses  at  25°,  boils  at  100°, 
and  evolves  oxygen  when  dissolved  in  potash,  forming  the  salt  KRUO4  (not  isomorphous 
with  potassium  permanganate). 

Joly  (1891),  who  studied  the  ruthenium  compounds  in  greater  detail,  showed  that  the 
easily-formed  KRUO4  gives  RUKO4RUO5  when  ignited,  but  it  resembles  Kiln04  in  many 
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RO3  or  hydrates,  H2R04=R02(HO)2  (the  type  of  sulphuric  acid)  ;  but 
they,  like  ferric  and  manganic  acids,  are  chiefly  known  in  the  form  of 
salts  of  the  composition  K2RO4  or  KjRjO^  (like  the  dichromate).  These 
salts  are  obtained,  like  the  manganates  and  ferrates,  by  fusing  the  oxides, 
or  even  the  metals  themselves,  with  nitric,  or,  better  still,  with  potassium 
peroxide.  They  are  soluble  in  water,  are  easily  deoxidised  and  do  not 
yield  the  acid  anhydrides  under  the  action  of  acids,  but  break  up,  either 
(like  the  ferrate)  forming  oxygen  and  a  basic  oxide  (iridium  and  rhodium 
react  in  this  manner,  as  they  do  not  give  higher  forms  of  oxidation),  or 
passing  into  a  lower  and  higher  form  of  oxidation — that  is,  reacting 
like  a  manganate  (or  partly  like  nitrite  or  phosphite).  Osmium  and 
ruthenium  react  according  to  the  latter  form,  as  they  are  capable  of 
giving  higher  forms  of  oxidation,  OSO4  and  RuOj,  and  therefore  their 
reactions  of  decomposition  may  be  essentially  represented  by  the  equa- 
tion :  20sOg=Os02  +  Os04."' 

respects.  In  general,  Eu  has  much  in  common  with  Mn.  Joly  (1889)  also  showed  that 
if  KNO5  be  added  to  a  solution  of  EuClj  containing  HCl,  the  solution  becomes  hot,  and 
«,  salt,  EUCI3NO2KCI,  is  formed,  which  enters  into  double  decomposition  and  is  very 
stable.  Moreover,  if  RnCls  be  treated  with  an  excess  of  nitric  acid,  it  forms  a  salt, 
RuCljNOHjO,  after  being  heated  (to  boiling)  and  the  addition  of  HCL  The  vapour 
density  of  Rn04,  determined  by  Debray  and  Joly,  corresponds  to  that  formula. 

'"  Although  palladium  gives  the  same  types  of  combination  (with  chlorine)  as 
platinum,  its  reduction  to  RS.i  is  incomparably  easier  than  that  of  platinic  chloride,  and 
ill  the  case  of  iridium  it  is  also  very  easy.  Iridic  chloride,  IrCI^,  acts  as  an  oxidising 
agent,  readily  parts  with  a  fourth  of  its  chlorine  to  m.  number  of  substances,  readily 
evolves  chlorine  when  heated,  and  it  is  only  at  low  temperatures  that  chlorine  and  aqua 
regia  convert  iridium  into  iridic  chloride.  In  disengaging  chlorine  iridium  more  often 
and  easily  gives  the  very  stable  iridious  chloride,  IrCls  (perhaps  this  substance  is 
Ir2Cl6  =  IrCl2,IrCl4,  insoluble  in  water,  but  soluble  in  potassium  chloride,  because  it 
forms  the  double  salt  K^IrCle),  than  the  dichloride,  IrClg.  This  compound,  corresponding 
to  IrX2,  is  very  stable,  and  corresponds  with  the  basic  oxide,  H^Os,  resembling  the 
oxides  Fe20g,  C02O5.  To  this  form  there  correspond  ammoniacal  compounds  similar  to 
those  given  by  cobaltic  oxide.  Although  iridium  also  gives  an  acid  in  the  form  of  the 
salt  K2lr207,  it  does  not,  like  iron  (and  chromium),  form  the  con-esponding  chloride, 
IrClg.  In  general,  in  this  as  in  the  other  elements,  it  is  impossible  to  predict  the  chlorine 
compounds  from  those  of  oxygen.  Just  as  there  is  no  chloride  SClg,  but  only  SC'l.j,  so 
also,  although  IrOg  exists,  IrClg  is  wanting,  the  only  chloride  being  IrCl4,  and  this 
is  unstable,  like  SCI2,  and  easily  parts  with  its  chlorine.  In  this  respect  rhodium  is 
very  much  like  iridium  (as  platinum  is  like  palladium).  For  BhCl4  decomposes  with 
extreme  ease,  whilst  rhodium  cliloride,  EhClj,  is  very  stable,  like  many  of  the  salts  of 
the  type  EhX3,  although  like  the  platinum  elements  these  salts  are  easily  reduced  to 
metal  by  the  action  of  heat  and  powerful  reagents.  There  is  as  close  a  resemblance 
between  osmium  and  ruthenium.  Osmium  when  submitted  to  the  action  of  dry  chlorine 
gives  osmic  chloride,  OSCI4,  but  the  latter  is  converted  by  water  (as  is  osmium  by  moist 
chlorine)  into  osmic  anhydride,  although  the  greater  portion  is  then  decomposed  into 
Os(HO)4  and  4HC1,  like  a  chloranliydride  of  an  acid.  In  general  this  acid  character  is 
more  developed  in  osmium  than  in  platinum  and  iridium.  Having  parted  with  chlorine, 
osmic  chloride,  OSCI4,  gives  the  unstable  trichloride,  OsClj,  and  the  stable  soluble 
dichloride,  OSCI2,  which  corresponds  with  platinous  chloride  in  its  properties  and 
reactions.     The  relation  of  ruthenium  to  the  halogens  is  of  the  same  nature. 
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Platinum  and  its  analogues,  like  iron  and  its  analogues,  are  able  to 
form  complex  and  comparatively  stable  cyanogen  and  ammonia  com- 
pounds, corresponding  with  the  ferrocyanides  and  the  ammoniacal  com- 
pounds of  cobalt,  which  we  have  already  considered  in  the  preceding 
chapter. 

If  platinous  chloride,  PtClj  (insoluble  in  water),  be  added  by  degrees 
to  a  solution  of  potassium  cyanide,  it  is  completely  dissolved  (like 
silver  chloride),  and  on  evaporating  the  solution  deposits  rhombic 
prisms  of  potassium  jjlatinocyanide,  PtK2(CN)4,3H20.  This  salt,  like 
all  those  corresponding  with  it,  has  a  remarkable  play  of  colours,  due  to 
the  phenomena  of  dichromism,  and  even  polychromism,  natural  to  all 
the  platinocyanides.  Thus  it  is  yellow  and  reflects  a  bright  blue 
light.  It  is  easily  soluble  in  water,  efiloresces  in  air,  then  turns  red, 
and  at  100°  orange,  when  it  loses  all  its  water.  The  loss  of  water 
does  not  destroy  its  stability — that  is,  it  still  remains  unchanged,  and 
its  stability  is  further  shown  by  the  fact  that  it  is  formed  when 
potassium  ferrocyanide,  KiFe(CN)(;,  is  heated  with  platinum  black. 
This  salt,  first  obtained  by  Gmelin,  shows  a  neutral  reaction  with 
litmus  ;  it  is  exceedingly  stable  under  the  action  of  air,  like  potassium 
ferrocyanide,  which  it  resembles  in  many  respects.  Thus  the  platinum 
in  it  cannot  be  detected  by  reagents  such  as  sulphuretted  hydrogen  ; 
the  potassium  may  be  replaced  by  other  metals  by  the  action  of  their 
salts,  so  that  it  corresponds  with  a  whole  series  of  compounds,  E,2Pt(CN)4, 
and  it  is  stable,  although  the  potassium  cyanide  and  platinous  salts,  of 
which  it  is  composed,  individually  easily  undergo  change.  When 
treated  with  oxidising  agents  it  passes,  like  the  ferrocyanide,-  into  a 
higher  form  of  combination  of  platinum.  If  salts  of  silver  be  added 
to  its  solution,  it  gives  a  heavy  white  precipitate  of  silver  platino- 
cyanide,  PtAg2(CN)4,  which  when  suspended  in  water  and  treated 
with  sulphuretted  hydrogen,  enters  into  double  decomposition  with  the 
latter  and  forms  insoluble  silver  sulphide,  AgjS,  and  soluble  hydro- 
jilatmocyanic  acid,  H2Pt(CN)4.  If  potassium  platinocyanide  be  mixed 
with  .an  equivalent  quantity  of  sulphuric  acid,  the  hydroplatino- 
cyanic  acid  liberated  may  be  extracted  by  a  mixture  of  alcohol  and 
ether.  The  ethereal  solution,  when  evaporated  in  a  desiccator,  deposits 
bright  red  crystals  of  the  composition  PtH2(C]Sr)4,5H20.  This  acid 
colours  litmus  paper,  liberates  carbonic  anhydride  from  sodium  car- 
bonate, and  saturates  alkalis,  so  that  it  presents  an  analogy  to  hydro- 
ferrocyanic  acid.'' 

11  This  acid  character  is  explained  by  the  influence  of  the  platinum  on  the  hydrogen, 
and  by  the  attachment  of  the  cyanogen  groups.  Thus  cyanuric  acid,  H5(CN)305,  is  an 
energetic  acid  compared  with  cyanic  acid,  HCNO.     And  the  formation  of  a  compound 
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Ammonia,  like  potassium  cyanide,  has  the  faculty  of  easily  reacting 
with  platinum  dichloride,  forming  compounds  similar  to  the  platino- 

with  five  molecules  o£  water  of  orystallisation,  (PtHo(CN),,,5H20),  confirms  the  opinion 
that  platinum  is  able  to  form  compounds  of  still  higher  types  than  that  expressed 
in  its  saline  compounds,  and,  moreover,  the  combination  of  hydroplatinooyanie  acid 
with  water  does  not  reach  the  limit  of  the  compounds  which  appears  in  PtCli,2HCI, 
6H,0. 

A  whole  series  of  plaliiiuri/anides  of  the  common  type  PtE2(CN).,nH20  is  obtained 
by  means  of  double  decomposition  with  the  potassium  or  hydrogen  or  silver  salts.  For 
example,  the  salts  of  sodium  and  lithium  contain,  like  the  potassium  salt,  three  molecules 
of  water.  The  sodium  salt  is  soluble  in  water  and  alcohol.  The  ammonium  salt  has  the 
composition  Pt(NH4)2(CN)4,'2H,,0  and  gives  crj'stals  which  reflect  blue  and  rose-coloured 
light.  This  ammonium  salt  decomposes  at  300°,  with  evolution  of  water  and  ammonimn 
cyanide,  leaving  a  gi-eemsh  platinum  dicyaiiide,  VtiCN).,,  which  is  insoluble  in  water 
and  acid  but  dissolves  in  potassium  cyanide,  hydrocyanic  acid,  and  other  cyanides.  The 
same  platinous  cyanide  is  obtained  by  the  action  of  suli^huric  acid  on  the  potassium 
salts  in  the  form  of  a  reddish- brown  amoi-pihous  precipitate.  The  most  characteristic  of  the 
platinocyanides  are  those  of  the  alkaline  earths.  The  magnesium  salt  PtMg(CN),,7H20 
crystallises  in  regular  prisms,  whose  side  faces  are  of  a  metallic  green  colour  and  terminal 
planes  dark  blue.  It  shows  a  carmine-red  colour  along  the  main  axis,  and  dark  red 
along  the  lateral  axes ;  it  easily  loses  water,  (2H.iO),  at  40°,  and  then  turns  blue  (it  then 
contains  5H.iO,  which  is  frequently  the  case  with  the  platinocyanides).  Its  aqueous 
solution  is  colourless,  and  an  alcoholic  solution  deposits  yellow  crystals.  The  remainder 
of  the  water  is  given  off  at  230°.  It  is  obtained  by  saturating  platinocyanic  acid  with 
magnesia,  or  else  by  double  decomposition  between  the  barium  salt  and  magnesium  sul- 
phate. The  strontium  salt,  SrPt(CN)  |,4H.^0  crystallises  in  milk-white  plates  having 
a  violet  and  green  iridescence.  When  it  effioresces  in  a  desiccator,  its  surfaces  have 
a  violet  and  metallic  green  iridescence.  A  colourless  solution  of  the  barium  salt 
PtBa(CX)4,4H20  is  obtained  by  saturating  a  solution  of  hydroplatinocyanic  acid  with 
baryta,  or  by  boiling  the  insoluble  copper  platinocyanide  in  baryta  water.  It  crystallises 
in  monoclinic  prisms  of  a  yellow  colour,  with  blue  and  green  iridescence  ;  it  loses  half  its 
water  at  100°,  and  the  whole  at  150°.  The  ethyl  salt,  Pt(C2H5)2(CN)„2H.,0,  is  also 
very  characteiistic ;  its  crystals  are  isomorphous  with  those  of  the  potassium  salt,  and 
are  obtained  by  passing  hydrochloric  acid  into  an  alcoholic  solution  of  hydroplatino- 
cyanic acid.  The  facility  with  which  they  crystallise,  the  regularity  of  their  forms, 
and  their  remarkable  play  of  colours,  renders  the  preparation  of  the  platinocyanides  one 
of  the  most  attractive  lessons  of  the  laboratory. 

By  the  action  of  chlorine  or  dilute  nitric  acid,  the  platinocyanides  are  converted  into 
salts  of  the  composition  PtM2(CN)5,  which  corresponds  with  Pt(GN),3,'JKCN — that  is, 
they  express  the  type  of  a  non-existent  form  of  oxidation  of  platinum,  PtX^  (i.e.  oxide 
PtoOs),  just  as  potassium  ferricyanide  (FeCy5,3KCy)  corresponds  with  ferric  oxide,  and 
the  fen'ocyanide  corresponds  with  the  ferrous  oxide.  The  potassium  salt  of  this  series 
contains  PtK2{CN)5,8H20,  and  forms  brown  regular  prisms  with  a  metallic  lustre,  and  is 
soluble  in  water  but  insoluble  in  alcohol.  Alkalis  re-convert  this  compound  into  the 
ordinary  platinocyanide  K2Pt(CN)4,  taking  up  the  excess  of  cyanogen.  It  is  remarkable 
that  the  salts  of  the  type  PtMaCy^  contain  the  same  amount  of  water  of  crystallisation 
as  those  of  the  type  PtlMjCy.i.  Thus  the  salts  of  potassium  and  lithium  contain  three, 
and  the  salt  of  magnesium  seven,  molecules  of  water,  like  the  corresponding  salts  of  the 
type  of  platinous  oxide.  Moreover,  neither  platinum  nor  any  of  its  associates  gives  any 
cyanogen  compound  corresponding  with  the  oxide,  i.e.  having  the  composition  PtKjCyg, 
just  as  there  are  no  compounds  higher  than  those  which  correspond  to  RCy-,?iMCy  for 
cobalt  or  iron.  This  would  appear  to  indicate  the  absence  of  any  such  cyanides,  and 
indeed,  for  no  element  are  there  yet  known  any  poly-cyanides  containing  more  than  three 
equivalents  of  cyanogen  for  one  equivalent  of  the  element.    The  phenomenon  is  perhaps 

0  c  2 


388  PRINCIPLES   OF   CHEMISTRY 

cyanide  and  cobaltia  compounds,  which  are  comparatively  stable.  But 
as    ammonia    does   not   contain   any   hydrogen   easily   replaceable   by 

connected  with  the  faculty  of  cyanogen  of  giving  tricyanogen  polymerides,  such  as  cyanuric 
acid,  solid  cyanogen  chloride,  S:c.  Under  the  action  of  an  excess  of  chlorine,  a  solution 
of  PtKo(CN)4  gives  (besides  PtKoCys)  a  product  PtK2Cy4Cl2,  which  evidently  contains 
the  form  PtXj,  but  at  first  the  action  of  the  chlorine  {or  the  electrolysis  of,  or  addition 
of  dilute  peroxide  of  hydrogen  to,  a  solution  of  PtKoCy^,  acidulated  with  hydi'ochloric 
acid)  produces  an  easily  soluble  intermediate  salt  which  crystallises  in  thin  copper-red 
needles  (Wihn,  Hadow,  1889).  It  only  contains  a  small  amount  of  chlorine,  and 
apparently  corresponds  to  a  compoxnid  5PtK2Cy4  +  PtK.2Cy4Cl2  +  24H20.  Under  the 
action  of  an  excess  of  ammonia  both  these  chlorine  products  are  converted  either  com- 
pletely or  in  part  {according  to  Wilm  ammonia  does  not  act  upon  PtK2Cy4)  into 
PtCyo,2NH5,  i.e.  a  platino- ammonia  compound  {see  further  on).  It  is  also  necessary  to 
pay  attention  to  the  fact  that  ruthenium  and  osmium — which,  as  we  know,  give  higher 
forms  of  oxidation  than  platinum — are  also  able  to  combine  with  a  larger  proportion  of 
potassium  cyanide  (but  not  of  cyanogen)  than  platinum.  Thus  ruthenium  forms  a 
crystalline  liydroruthenoajanic  acid,  RuH4(CN)g,  which  is  soluble  in  water  and  alcohol, 
and  corresponds  with  the  salts  M4Ku{CN)6.  There  are  exactly  similar  osmic  com- 
pounds— for  example,  K40s{CN)6,3HoO,  The  latter  is  obtained  in  the  form  of  colourless, 
sparingly- soluble  regular  tablets  on  evaporating  the  solution  obtained  from  a  fused 
mixture  of  potassium  osmiochloride,  KsOsClg,  and  potassium  cyanide.  These  osmic  and 
ruthenic  compounds  fully  correspond  with  potassium  ferrocyanide,  K4Fe(CN)o,3H._iO,  not 
only  in  their  composition  but  also  in  their  crystalline  form  and  reactions,  which  again 
demonstrates  the  close  analogy  between  iron,  ruthenium,  and  osmium,  which  we  have 
shown  by  giving  these  three  elements  a  similar  position  (in  the  eighth  group)  in  the 
periodic  system.  For  rhodium  and  iridium  only  salts  of  the  same  type  as  the  ferricyanides, 
M5RCyt;,  are  known,  and  for  palladium  only  of  the  type  MoPdCy4,  which  are  analogous 
to  the  platinum  salts.  In  all  these  examples  a  constancy  of  the  types  of  the  double 
cyanides  is  apparent.  In  the  eighth  group  we  have  iron,  cobalt,  nickel,  copper,  and  their 
analogues  ruthenium,  rhodium,  palladium,  silver,  and  also  osmium,  iridium,  platinmn, 
gold.  The  double  cyanides  of  iron,  ruthenium,  osmium^  have  the  type  K4B{CN)g ;  of 
cobalt,  rhodium,  iridium,  the  type  K5R(CNjg;  of  nickel,  palladium,  platinum  the  type 
K2R{CN)4  and  K2R(CN)5;  and  for  copper,  silver,  gold  there  are  known  KB(CN)2,  so 
that  the  presence  of  4,  3,  2,  and  1  atoms  of  potassium  corresponds  with  the 
order  of  the  elements  in  the  periodic  system.  Those  types  which  we  have  seen 
in  the  ferrocyanides  and  ferricyanides  of  iron  repeat  themselves  in  all  the  platinoid 
metals,  and  this  naturally  leads  to  the  conclusion  that  the  formation  of  similar 
so-called  double  salts  is  of  exactly  the  same  nature  as  that  of  the  ordinary  salts.  If,  in 
expressing  the  union  of  the  elements  in  the  oxygen  salts,  the  existence  of  an 
aqueous  residue  (hydroxyl  group)  be  admitted,  in  which  the  hydrogen  is  replaced  by  a 
metal,  we  have  then  only  to  apply  this  mode  of  expression  to  the  double  salts  and  the 
analogy  will  be  obvious,  if  only  we  remember  that  CI2,  {CN)2,  SO4,  &c.,  are  equivalent  to 
O,  as  we  see  in  RO,  RC1>,  RSO4,  &c.  They  all  =X2,  and,  therefore,  in  point  of  fact, 
wherever  X  (^Cl  or  OH,  &c.)  can  be  placed,  there  (CI2H),  (SO4H),  &c.,  can  also  stand. 
And  as  Cl2H  =  Cl  +  HCl  and  S04H  =  OH  +  S03,  &c.,  it  follows  that  molecules  HCl  or  SO3, 
or,  in  general,  whole  molecules — for  instance,  NH5,  H2O,  salts,  &c.,  can  annex  themselves 
to  a  compound  containmg  X.  (This  is  an  indirect  consequence  of  the  law  of  substitution 
which  explains  the  origin  of  double  salts,  ammonia  compounds,  compounds  with  water 
of  crystallisation,  &c.,  by  one  general  method.)  Thus  the  double  salt  MgS04,K2S04, 
according  to  this  reasoning,  ynay  he  considered  as  u.  substance  of  the  same  type  as 
MgCla,  namely,  as  =Mg{S04K)2,  and  the  alums  as  derived  from  A1(0H)(S04),  namely,  as 
A1{S04K)(S04),  Without  stopping  to  pursue  this  digression  further,  we  will  apply 
these  considerations  to  the  type  of  the  ferrocyanides  and  ferricyanides  and  their 
platinum  analogues.     Such  a  salt  as  K2ptCy4  may  accordingly  be  regarded  as  Pt(Cy2K)8, 
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metals,  and  as  ammonia  itself  is  able  to  combine  with  acids,  the 
PtXs  plays,  as  it  were,  the  part  of  an  acid    with    reference    to    the 

like  Pt(0H).2  ;  and  such  a  salt  as  PtKaCys  as  PtCy(CyoK)2,  the  analogue  of  PtX(0H:}3, 
or  AlX(OH)o,  and  other  compounds  of  the  type  RX3.  Potassium  ferricyanide  and  the 
analogous  compounds  of  cobalt,  iridium,  and  rhodium,  belong  to  the  same  type,  with  the 
same  difference  as  there  is  between  RX(OH)o  and  Il(0Hj5,  since  FeK~Cy6  =  Fe(Cy2K)3. 
Limiting  myself  to  these  considerations,  which  may  partially  elucidate  the  nature 
of  double  salts,  I  will  now  pass  again  to  the  complex  saline  compounds  known  for 
platinum. 

(A)  On  mixing  a  solution  of  potassium  thiocyanate  with  a  solution  of  potassium 
platinosochloride,  K2PtCl.j,  they  form  a  double  thiocyanate,  PtK2{CNS)4,  which  is  easily 
soluble  in  water  and  alcohol,  crystallises  in  red  prisms,  and  gives  an  orange- coloured 
solution,  which  precipitates  salts  of  the  heavy  metals.  The  action  of  sulphuric  acid 
on  the  lead  salt  of  the  same  type  gives  the  acid  itself,  PtH2(SCN)4,  which  corre- 
sponds with  these  salts.  The  type  of  these  compounds  is  evidently  the  same  as  that  of 
the  cyanides. 

[B)  Flatinous  chloride,  PtClj,  which  is  insoluble  in  water,  forms  double  salts  with 
the  metallic  chlorides.  These  double  chlorides  are  soluble  in  water,  and  capable  of 
crystallising.  Hence  when  a  hydrochloric  acid  solution  of  platinous  chloride  is  mixed 
with  solutions  of  metallic  salts  and  evaporated  it  forms  crystalline  salts  of  a  red  or 
yellow  colour.  Thus,  for  example,  the  potassium  salt,  PtK2Cl4,  is  red,  and  easily 
soluble  in  water ;  the  sodium  salt  is  also  soluble  in  alcohol ;  the  barium  salt, 
PtBaCl4,3HoO,  is  soluble  in  water,  but  the  silver  salt,  PtAg2Cl4,  is  insoluble  in  water, 
and  may  be  used  for  obtaining  the  remaining  salts  by  means  of  double  decomposition 
with  their  chlorides. 

{C)  A  remarkable  example  of  the  complex  compounds  of  platinum  was  observed  by 
Schiitzenberger  (1868).  He  showed  that  finely-divided  platinum  in  the  presence  of 
chlorine  and  carbonic  oxide  at  250°-300°  gives  phosgene  and  a  volatile  compound  con- 
taining platinum.  The  same  substance  is  formed  by  the  action  of  carbonic  oxide  on 
platinous  chloride.  It  decomposes  with  an  explosion  in  contact  with  water.  Carbon 
tetrachloride  dissolves  a  portion  of  this  substance,  and  on  evaporation  gives  crystals  of 
2PtCl2,3CO,  whilst  the  compound  PtCl2,2CO  remains  undissolved.  When  fused  and 
sublimed  it  gives  yellow  needles  of  PtCLjCO,  and  in  the  presence  of  an  excess  of 
carbonic  oxide  PtClojSCO  is  formed.  These  compounds  are  fusible  (the  first  at  250°,  the 
second  at  142'^,  and  the  third  at  195°).  Li  this  case  (as  in  the  double  cyanides)  com- 
bination takes  place,  because  both  carbonic  oxide  and  platinous  chloride  are  unsaturated 
compounds  capable  of  further  combination.  The  carbon  tetrachloride  solution  absorbs 
NH5  and  gives  PtCl2,CO,2NH5,  and  PtCl2,2CO,2NH5,  and  these  substances  are  analo- 
gous (Foerster,  Zeisel,  Jorgensen)  to  similar  compounds  containing  complex  amines  (for 
instance,  pyridine,  C5H5N),  instead  of  NH-,  and  ethylene,  tfcc,  instead  of  CO,  so  that  here 
we  have  a  whole  series  of  complex  platino-compounds.  The  compound  PtCl^CO 
dissolves  in  hydrochloric  acid  without  change,  and  the  solution  disengages  all  the 
carbonic  oxide  when  KCN  is  added  to  it,  which  shows  that  those  forces  which  bind 
2  molecules  of  KCN  to  PtCl2  can  also  bind  the  molecule  CO,  or  2  molecules  of  CO. 
When  the  hydrochloric  acid  solution  of  PtCLCO  is  mixed  with  a  solution  of  sodium 
acetate  or  acetic  acid,  it  gives  a  precipitate  of  PtOCO,  i.e.  the  CL  is  replaced  by  oxygen 
(probably  because  the  acetate  is  decomposed  by  water).  This  oxide,  PtOCO,  splits  up 
into  Pt-1-C02  at  350°.  PtSCO  is  obtained  by  the  action  of  sulphuretted  hydrogen  upon 
PtClaCO.  All  this  leads  to  the  conclusion  that  the  group  PtCO  is  able  to  assimilate 
X2  =  Cl2,  S,  O,  &c.  (MyHus,  Foerster,  1891),  Pullinger  (1891),  by  igniting  spongy 
platinum  at  250°,  first  in  a  stream  of  chlorine,  and  then  in  a  stream  of  carbonic  oxide, 
obtained  (besides  volatile  products)  a  non-volatile  yellow  substance  which  remained 
unchanged  in  air  and  disengaged  chlorine  and  phosgene  gas  when  ignited ;  its  compo- 
sition was  PtCle(C0)2;  which  apparently  proves  it  to  be  a  compound  of  PtGl2  and 
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ammonia.  Owing  to  the  influence  of  the  ammonia,  the  Xo  in  the 
resultant  compound   will  represent  the    same  character   as  it  has  in 

2COCI0,  as  PtClo  is  able  to  combine  witli  osyeblorides,  and  forms  somewhat  stable 
compoands. 

(J))  The  faculty  of  platinous  chloride  for  forming  stable  compounds  with  divers  sub- 
stances shows  itself  in  the  formation  of  the  compound  PtCUjPCls  by  the  action  of  phos- 
phorus pentachloride  at  '150'  on  platinum  powder  (Pd  reacts  in  a  similar  manner, 
according  to  Fink,  ly9'2t.  The  product  contains  both  phosphorus  pentachloride  and 
platinum,  whilst  the  presence  of  PtCl.j  is  shown  in  the  fiict  that  the  action  of  water 
produces  cliiorplatino-phosplioroits  acid,  PtCLPiOHls- 

lE)  After  the  cyanides,  the  douhle  salts  of  platinum /o/*/);ec2  by  sulphurous  acid  are 
most  distinguished  for  their  stabihty  and  characteristic  properties.  This  is  all  the  more 
instructive,  as  sulphurous  acid  is  only  feebly  energetic,  and,  moreover,  in  these,  as  in  all 
its  compounds,  it  exhibits  a  dual  reaction.  The  salts  of  sulphurous  acid,  RoSO-.,  either 
react  as  salts  of  a  feeble  bibasic  acid,  where  the  group  SO,'^  presents  itself  as  bivalent, 
and  consequently  equal  to  Xj,or  else  they  react  after  the  manner  of  salts  of  a  monobasic 
acid  containing  the  same  residue,  RSO5,  as  occurs  in  the  salts  of  sulphuric  acid.  In  sul- 
phurous acid  this  residue  is  combined  with  hydrogen,  H1SO5H),  whilst  in  sulphuric  acid 
it  is  united  with  the  aqueous  residue  (hydroxyl),  0H(S05Hj,  These  two  forms  of  action 
of  the  sulphites  appear  in  their  reactions  with  the  platinxmi  salts — that  is  to  say.  salts  of 
both  kinds  are  formed,  and  they  both  correspond  with  the  t^'pe  PtH^X.,.  The  one 
series  of  salts  contain  PtH2(S05)-i,  and  their  reactions  are  due  to  the  bivalent  residue 
of  sulphurous  acid,  which  replaces  Xi.  The  others,  which  have  the  composition 
PtE-jiSO-Hij,  contiiin  sulphoxyl.  The  latter  salts  will  evidently  react  like  acids ;  they 
are  formed  simultaneously  with  the  salts  of  the  fir-t  kind,  and  pass  into  them.  These 
salts  are  obtained  either  by  directly  dissolving  platinous  oxide  in  water  containing  sul- 
phurous acid,  or  by  passing  sulphurous  anhydride  into  a  solution  of  platinous  chloride 
in  hydrochloric  acid.  If  a  solution  of  platinous  chloride  or  platinous  oxide  in  sulphurous 
acid  be  saturated  with  sodium  carbonate,  it  forms  a  white,  sparingly  soluble  precipitate 
containing  PtXa-.(SO-ya)4,7H.>Q.  If  this  precipitate  be  dissolved  in  a  small  quantity  of 
hydrochloric  acid  and  left  to  evaporate  at  the  ordinary  temperature,  it  deposits  a  salt  of 
the  other  t>"pe,  PtXa.j(S0-,).i,H20,  in  the  form  of  u.  yellow  powder,  which  is  sparingly 
soluble  in  water.  The  potassium  salt  analogous  to  the  first  salt,  PtK.2{S05K)4,2H.20,  is 
precipitated  by  passing  sulphurous  anhydride  into  a  solution  of  potassium  sulphite  in 
which  platinous  oxide  is  suspended.  A  similar  salt  is  kno^vn  for  ammonium,  and  with 
hydrochloric  acid  it  gives  a  salt  of  the  second  kind,  PtCXHji.^tSO^K.H.O.  If  ammonio- 
chloride  of  platinum  be  added  to  an  aqueous  solution  of  sulphurous  anhydride,  it  is  first 
deoxidised,  and  chlorine  is  evolved,  forming  a  salt  of  the  type  PtX., ;  a  double  decompo- 
sition then  takes  place  with  the  ammonium  sulphite,  and  a  salt  of  the  composition 
Pt(XH4)oCl3(S03H)  is  formed  (in  a  desiccator).  The  acid  character  of  this  substance  is 
explained  by  the  fact  that  it  contains  the  elements  SO5H — sxilphoxyl,  with  the  hydrogen 
not  yet  displaced  by  a  metal.  On  saturating  a  solution  of  this  acid  with  potassium 
carbonate  it  gives  orange-coloured  crystals  of  a  potassium  salt  of  the  composition, 
Pt(XH4)jCl-fS03E:).  Here  it  is  evident  that  an  equivalent  of  chlorine  in  Pt(XHi).>Cl4  is 
replaced  by  the  univalent  residue  of  sulphurous  acid.  Among  these  salts,  that  of  the 
composition  PtiXH4ijCl>iS0-Hi  .jH.iO  is  very  readily  formed,  and  ciystallises  in  well- 
formed  coloui'less  crystals ;  it  is  obtained  by  dissolving  ammonium  platinosochloride, 
Pt(XH4).iCl4,  in  an  aqueous  solution  of  sulphurous  acid.  The  difficulty  with  which  sul- 
phurous anhydride  and  platinum  are  separated  from  these  salts  indicates  the  same  basic 
character  in  these  compounds  as  is  seen  in  the  double  cyanides  of  platinum.  In  their 
passage  into  a  complex  salt,  the  metal  platinum  and  the  group  SOo  modify  their 
relations  (compared  with  those  of  PtX>  or  SO->X._.),  just  as  the  chlorine  in  the  salts KCIO, 
KCIO5,  and  KCIO4  is  modified  in  its  relations  as  compared  with  hydrochloric  acid  or 
potassium  chloride. 
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ammoniaoal  salts  ;  consequently,  the  ammoniacal  compounds  produced 
from  PtX2  will  be  salts  in  which  X  will  be  replaceable  by  various 
other  haloids,  just  as  the  metal  is  replaced  in  the  cyanogen  salts  ;  such 
is  the  nature  of  the  platino-amjizonium  compounds.  PtXj  forms  com- 
pounds with  SNH,,  and  with  iNHj,  and  so  also  PtX4  gives  (not 
directly  from  PtX4  and  ammonia,  but  from  the  compounds  of  PtXj  by 
the  action  of  chlorine,  &c.)  similar  compounds  with  2NH3  and  with 


[F]  No  less  characteristic  are  the  J^ZaiM^on^ir^^es  formed  by  platinous  oxide.  They 
correspond  with  nitrous  acid,  whose  salts,  BNO2,  contain  the  univalent  radicle,  NO2, 
which  is  capable  of  replacing  chlorine,  and  therefore  the  salts  of  this  kind  should  form  a 
common  type  PtR2(NOo)4,  and  such  a  salt  of  potassium  has  actually  been  obtained  by 
mixing  a  solution  of  potassium  platinosochloride  with  a  solution  of  potassium  nitrite, 
when  the  liquid  becomes  colourless,  especially  if  it  be  heated,  which  indicates  the  change 
in  the  chemical  distribution  of  the  elements.  As  the  liquid  decolorises  it  gradually 
deposits  sparingly  soluble,  colourless  prisms  of  the  potassium  salt  K.2Pt(N02)4,  which 
does  not  contain  any  water.  With  silver  nitrate  a  solution  of  this  salt  gives  a  precipitate 
of  silver  platinonitrite,  PtAg3(N0o)4.  The  silver  of  this  salt  may  be  replaced  by  other 
metals  by  means  of  double  decomposition  with  metallic  chlorides.  The  sparingly  soluble 
barium  salt,  when  treated  with  an  equivalent  quantity  of  sulphuric  acid,  gives  a  soluble 
acid,  which  separates,  under  the  receiver  of  an  air-pump,  in  red  crystals ;  this  acid  has 
the  composition  PtH2(N02)4.  To  the  potassium  salt,  K2Pt(N0.2)4,  there  correspond 
(Vezes,  1892)  K2Pt(N02)4Br2  and  K2Pt(N02)4Clo  and  other  compounds  of  the  same  type 
KoPtXg,  where  X  is  partly  replaced  by  CI  or  Br  and  partly  by  (NO2),  showing  a 
transition  towards  the  type  of  the  double  salts  like  the  platino-ammoniacal  salts.  (The 
corresponding  double  sodium  nitrite  salt  of  cobalt  is  soluble  in  water,  while  he  K,NH4 
and  many  other  salts  are  insoluble  in  water,  as  I  was  informed  by  Prof.  K.  Winkler 
in  1894). 

In  all  the  preceding  complex  compounds  of  Pt  we  see  a  common  type  PtX252MS 
{i.e.  of  double  salts  corresponding  to  PtO)  or  PtM^Xi  =  Pt(MX2)2,  corresponding  to 
Pt(H0)2  with  the  reiDlacement  of  O  by  its  equivalent  Xj.  Two  other  facts  must  also  be 
noted.  In  the  first  place  these  X's  generally  correspond  to  elements  (like  chlorine)  or 
groups  (like  CN,  NOj,  SO3,  &c.),  which  are  capable  of  further  combination.  In  the 
second  place  all  the  compounds  of  the  type  PtM2X4  are  capable  of  combining  with 
chlorine  or  similar  elements,  and  thus  passing  into  compounds  of  the  types  PtXj  or  PtX4. 

1^  The  platinum  salt  and  ammonia,  when  once  combined  together,  are  no  longer 
subject  to  their  ordinary  reactions  but  form  compounds  which  are  comparatively  very 
stable.  The  question  at  once  suggests  itself  to  all  who  are  acquainted  with  these  pheno- 
mena, as  to  what  is  the  relation  of  the  elements  contained  in  these  compounds.  The  first 
explanation  is  that  these  compounds  are  salts  of  ammonium  in  which  the  hydrogen  is 
partially  replaced  by  platinum.  This  is  the  view,  with  certain  shades  of  difference,  held 
by  many  respecting  the  platino-ammonium  compounds.  They  were  regarded  in  this 
light  by  Gerhardt,  Schiif,  Kolbe,  Weltzien,  and  many  others.  If  we  suppose  the  hydro- 
gen in  2NH4X  to  be  replaced  by  bivalent  platinum   (as  in  the   salts  PtXj),  we  shall 

obtain  ^g=Pt^— that  is,  the  compound  PtXjjaNHj.     The  compound  with  4NH3  will 

then  be  represented  by  a  further  substitution  of  the  hydrogen  in  ammonia  by  ammo- 
nium itself— i.e.  as  NH2(NH4X)2Pt  or  PtX2,4NH3.  A  modification  of  this  view  is  found 
in  that  representation  of  compounds  of  this  kind  which  is  based  on  atomicity.  As 
platinum  in  PtX2  is  bivalent,  has  two  aiSnities,  and  ammonia,  NH5,  is  also  bivalent, 
because  nitrogen  is  quinquivalent  and  is  here  only  combined  with  H3,  it  is  evident  what 
bonds  should  be  represented  in  PtX2,2NH5  and  in  PtXa.iNHj.  In  the  former,  Pt{NH5Cl)2, 
the  nitrogen  of  each  atom  of  ammonia  is  united  by  three  affinities  with  H5,  by  one  with 
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If    ammonia   acts    on  a  boiling   solution  of   platinous  chloride   in 
hydrocHoric    acid,    it    produces    the   green    salt  of   Ilagnus   (1829), 

platimim,  and  by  the  fifth  with  chlorine.  The  other  compound  is  Pt(NH5*NH5Cl)2 — that 
is,  the  N  is  united  by  one  affinity  with  the  other  N,  whilst  the  remaining  bonds  are  the 
same  as  in  the  first  salt.  It  is  evident  that  this  union  or  chain  of  ammonias  has  no 
obvious  limit,  and  the  most  essential  fault  of  such  a  mode  of  representation  is  that  it  does 
not  indicate  at  all  what  number  of  ammonias  are  capable  of  being  retained  by  platinum, 
i\Ioreover,  it  is  hardly  possible  to  admit  the  bond  between  nitrogen  and  platinum  in  such 
stable  compounds,  for  these  kinds  of  afi&nities  are,  at  all  events,  feeble,  and  cannot  lead 
to  stability,  but  would  rather  indicate  explosive  and  easily-decomposed  compounds. 
Moreover,  it  is  not  clear  why  this  platinum,  which  is  capable  of  giving  PtX4,  does  not  act 
with  its  remaining  affinities  when  the  addition  of  ammonia  to  PtXo  takes  place.  These, 
and  certain  other  considerations  which  indicate  the  imperfection  of  this  representation  of 
the  structure  of  the  platino-ammonium  salts,  cause  many  chemists  to  incline  more  to  the 
representations  of  Berzelius,  Claus,  G-ibbs,  and  others,  who  suppose  that  NHg  is  able  to 
combine  with  substances,  to  adjoin  itself  or  pair  itself  with  them  (this  kind  of  combination 
is  called  '  Paarung  ')  without  altering  the  fundamental  capacity  of  a  substance  for  further 
combinations.  Thus,  in  PtX2,2NH5,  the  ammonia  is  the  associate  of  PtXj,  as  is 
expressed  by  the  formula  NjHoPtX^.  Without  enlarging  on  the  exposition  of  the  details 
of  this  doctrine,  we  will  only  mention  that  it,  like  the  first,  does  not  render  it  possible  to 
foresee  a  limit  to  the  compounds  with  ammonia ;  it  isolates  compounds  of  this  kind 
into  a  special  and  artificial  class ;  does  not  show  the  connection  between  compounds  of 
this  and  of  other  kinds,  and  therefore  it  essentially  only  expresses  the  fact  of  the  com- 
bination with  ammonia  and  the  modification  in  its  ordinary  reactions.  For  these 
reasons  we  do  not  hold  to  either  of  these  proposed  representations  of  the  ammonio- 
platinum  compounds,  but  regard  them  from  the  point  of  view  cited  above  with  reference 
to  double  salts  and  water  of  crystallisation — that  is,  we  embrace  all  these  compounds 
under  the  representation  of  compounds  of  complex  types.  The  type  of  the  compound 
PtX2,2XH3  is  far  more  probably  the  same  as  that  of  PtXo,2Z — i.e.  as  PtX4,  or,  still  more 
accm'ately  and  truly,  it  is  a  compound  of  the  same  type  as  PtX2,2KX  or  PtX2,2H20,  &c. 
Although  the  platinum  first  entered  into  PtKoXj  as  the  type  PtX2,  yet  its  character  has 
changed  in  the  same  manner  as  the  character  of  sulphur  changes  when  from  SO2  the  com- 
pound S02{OH)2  is  obtained,  or  when  KCIO4,  the  higher  form,  is  obtained  from  KCl,  For  us 
as  yet  there  is  no  question  as  to  what  affinities  hold  Xo  and  what  hold  2NII5,  because  this 
is  a  question  which  arises  from  the  supposition  of  the  existence  of  different  affinities  in  the 
atoms,  which  there  is  no  reason  for  taking  as  a  common  phenomenon.  It  seems  to  me 
that  it  is  most  important  as  a  cmnTnencemen  f  to  render  clear  the  analogy  in  the  formation 
of  various  complex  compounds,  and  it  is  this  analogy  of  the  ammonia  compounds  with 
those  of  water  of  crystallisation  and  double  salts  that  forms  the  main  object  of  the 
primary  generalisation.  We  recognise  in  platinum,  at  all  events,  not  only  the  four 
affinities  expressed  in  the  compound  PtCl4,  but  a  much  larger  number  of  them,  if  only 
the  summation  of  abilities  is  actually  possible.  Thus,  in  sulphur  we  recognise  not  two 
but  a  much  greater  number  of  affinities ;  it  is  clear  that  at  least  six  affinities  can  act. 
So  also  among  the  analogues  of  platinum:  osmic  anhydride,  OSO4,  Ni(C0)4,  PtHaClg,  &c. 
indicate  the  existence  of  at  least  eight  affinities ;  whilst,  in  chlorine,  judging  from  the 
compound  KCIO4  =  ClOgfOK)  =  CIX7,  we  must  recognise  at  least  seven  affinities, 
instead  of  the  one  which  is  accepted.  The  latter  mode  of  calculating  affinities  is  a  tribute 
to  that  period  of  the  development  of  science  when  only  the  simplest  hydrogen  compoimds 
were  considered,  and  when  all  complex  compounds  were  entirely  neglected  (they  were 
placed  imder  the  class  of  molecular  compounds).  This  is  insufficient  for  the  present 
state  of  knowledge,  because  we  find  that,  in  complex  compounds  as  in  the  most  simple,  the 
same  constant  types  or  modes  of  equilibrium  are  repeated,  and  the  character  of  certain 
elements  is  greatl}""  modified  in  the  passage  from  the  most  simple  into  very  complex 
compounds. 
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PtOl2,2NH3,  insoluble  in  water  and  hydrochloric  acid.  But,  judging 
by  its  reactions,  this  salt  has  twice  this  formula.  Thus,  Gros  (1837), 
on  boiling  Magnus's  salt  with  nitric  acid,  observed  that  half  the  chlorine 
was  replaced  by  the  residue  of  nitric  acid  and  half  the  platinum  was 
disengaged  :  2PtCl2(NH3)2  +  2HNO3  =  PtGl2(N03)2(NH3)4  +  2PtCl2. 
The   Gros's  salt  thus  obtained,  PtCl2(N03)24NH3    (if   Magnus's  salt 

Judging  from  the  most  complex  platino-ammonium  compounds  PtCl4,4NH5,  we 
should  admit  the  possibility  of  the  formation  of  comiiounds  of  the  type  PtX4Y.j,  where 
Y4  =  4X2  =  4NH3,  and  this  shows  that  those  forces  which  form  such  a  characteristic 
series  of  double  platinocyanides  PtK2(CN)4,3H20,^probably  also  determine  the  formation 
of  the  higher  ammonia  derivatives,  as  is  seen  on  comparing — 

PtCl2  NH5        CI2  3NH5 

Pt(CN)2  KCN  KGN   SH^O. 

Moreover,  it  is  obviously  much  more  natural  to  ascribe  the  faculty  for  combination 
with  nY  to  the  whole  of  the  acting  elements — that  is,  to  PtXg  or  PtX^,  and  not  to 
platinmn  alone.  Naturally  such  compounds  are  not  produced  with  any  Y,  "With 
certain  X's  there  only  combine  certain  Y's.  The  best  known  and  most  frequently- 
formed  compounds  of  this  kind  are  those  with  water — that  is,  compounds  with  water  of 
crystallisation.  Comi^ounds  with  salts  are  double  salts ;  also  we  know  that  similar 
compounds  are  also  frequently  formed  by  means  of  ammonia.  Salts  of  zinc,  ZnXg, 
copper,  CuXg,  silver,  AgX,  and  many  others  give  similar  compounds,  but  these  and  many 
other  ainmo7iio~metalUc  saline  compounds  are  unstable,  and  readily  part  with  their 
combined  ammonia,  and  it  is  only  in  the  elements  of  the  platinum  group  and  in  the 
group  of  the  analogues  of  iron,  that  we  observe  the  faculty  to  form  stable  ammonio- 
metallic  compounds.  It  must  be  remembered  that  the  metals  of  the  platinum  and  iron 
groups  are  able  to  form  several  high  grades  of  oxidation  which  have  an  acid  character, 
and  consequently  in  the  lower  degrees  of  combination  there  yet  remain  affinities  capable 
of  retaining  other  elements,  and  they  probably  retain  ammonia,  and  hold  it  the  more 
stably,  because  all  the  properties  of  the  platinum  compounds  are  rather  acid  than  basic 
— that  is,  PtXn  recalls  rather  HX  or  SnX^  or  CX„  than  KX,  G&K2,  BaXs,  &c.,  and 
ammonia  naturally  will  rather  combine  with  an  acid  than  with  a  basic  substance. 
Further,  a  dependence,  or  certain  connection  of  the  forms  of  oxidation  with  the  ammonia 
compounds,  is  seen  on  comparing  the  following  compounds : 

PdCl2,2NH3,H20  PdCl2,4NH-,HoO 

PtCl2,2NH3      "  PtCl4,4NH5 

E,hci3,5NH5  EuCl.,4NH5,3H20 

IrCl3,5NH5  OsCl2,4NH5,2H20 

We  know  that  platinum  and  palladium  give  compounds  of  lower  types  than  iridium 
and  rhodium,  whilst  ruthenium  and  osmium  give  the  highest  forms  of  oxidation;  this 
shows  itself  in  this  case  also.  We  have  purposely  cited  the  same  compounds  with  4NH5 
for  osmium  and  ruthenium  as  we  have  for  platinum  and  palladium,  and  it  is  then  seen 
hat  Ru  and  Os  are  capable  of  retaining  2H2O  and  3H2O,  besides  CI2  and  NH3,  which 
the  compounds  of  platinum  and  palladium  are  unable  to  do.  The  same  ideas 
which  were  developed  in  Note  35,  Chapter  XXII.  respecting  the  cobaltia  compounds  are 
perfectly  applicable  to  the  present  case,  i.e.  to  the  platinia  compounds  or  ammonia 
compounds  of  the  platinum  metals,  among  which  Bh  and  Ir  give  compounds  which  are 
perfectly  analogous  to  the  cobaltia  compounds. 

Iridium  and  rhodium,  which  easily  give  compounds  of  the  type  BX3,  give  compounds 
(Glaus)  of  the  type  IrX5,5NH3,  of  a  rose  colour,  and  EhX-,5NH3,  of  a  yellow  colour. 
Jbrgensen,  in  his  researches  on  these  compounds,  showed  their  entire  analogy  with  the 
cobalt  compounds,  as  was  to  be  expected  from  the  periodic  system. 
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belongs  to  the  type  PtX2,  then  Gros's  salt  belongs  to  the  type  PtX^),  is 
soluble  in  water,  and  the  elements  of  nitric  acid,  but  not  the  chlorine, 
contained  in  it  are  capable  of  easily  submitting  themselves  to  double 
saline  decomposition.  Thus  silver  nitrate  does  not  enter  into  double 
decomposition  with  the  chlorine  of  Gros's  salt.  Most  instructive  was 
the  circumstance  that  Gros,  by  acting  on  his  salt  with  hydrochloric 
acid,  succeeded  in  substituting  the  residue  of  nitric  acid  in  it  by 
chlorine,  and  the  chlorine  thus  introduced,  easily  reacted  with  silver 
nitrate.  Thus  it  appeared  that  Gros's  salt  contained  two  varieties  of 
chlorine — one  which  reacts  readily,  and  the  other  which  reacts  with 
difficulty.  The  composition  of  Gros's  first  salt  is  PtCl2(N'H3)4(iSr03)2 ; 
it  may    be    converted   into    PtCl2(NH3)4(S04),    and   in   general   into 

PtCl2(NH3)jX.2.'3 

The  salt  of  Magnus  when  boiled  with  a  solution  of  ammonia  gives 
the  salt  (of  Eeiset's  first  base)  PtCl2(NH3)4,  and  this,  when  treated 
with  bromine,  forms  the  salt  PtCl2Br2(]SfH3)4,  which  has  the  same 
composition  and  reactions  as  Gros's  salt.  To  Reiset's  salts  there 
corresponds  a  soluble,  colourless,  crysta.]\ine  hydroxide,  Pt(OH)2(NH3)4, 
having  the  properties  of  a  powerful  and  very  energetic  alkali ;  it 
attracts  carbonic  anhydride  from  the  atmosphere,  precipitates  metallic 
salts  like  potash,  saturates  active  acids,  even  sulphuric,  forming 
colourless  (with  nitric,  carbonic,  and  hj'droehloric  acids),  or  yellow 
(with    sulphuric    acid),    salts   of   the  type  PtX2(NH3)4.'^     The   com- 

1^  Subsequently,  a  whole  series  of  such  compounds  was  obtained  with  various 
elements  in  the  place  of  the  (non-reactiug)  chlorine,  and  nevertheless  they,  like  the 
chlorine,  reacted  with  difficulty,  whilst  the  second  portion  of  the  X's  introduced  into 
such  salts  easily  underwent  reaction.  This  formed  the  most  important  reason  for  the 
interest  which  the  study  of  the  composition  and  structure  of  the  platino-ammonium 
salts  subsequently  presented  to  many  chemists,  such  as  Reiset,  Blomstrand,  Peyrone, 
RaefEski,  Gerhardt,  Buckton,  Cleve,  Thomsen,  Jorgeusen,  Kournakofif,  Yemer,  and 
others.  The  salts  PtX4,2XH3,  discovered  by  G-erhardt,  also  exhibited  several  different 
properties  in  the  two  pairs  of  X's.  In  the  remaining  platino-ammonium  salts  all  the 
X"'s  appear  to  react  alike. 

The  qxiality  of  the  X's,  retainable  in  the  platino-ammonium  salts,  may  be  considerably 
modified,  and  they  may  frequently  be  wholly  or  partially  replaced  by  hydroxyl.  For 
example,  the  action  of  ammonia  on  the  nitrate  of  Gerhardt's  base,  Pt(NO.^)4,2NH5,  in  a 
boiling  solution,  gradually  produces  a  yellow  crystalline  precipitate  which  is  nothing 
else  than  a  basic  hydrate  or  alkali,  Pt(OH)4,2XH5.  It  is  sparingly  soluble  in  water,  but 
gives  directly  soluble  salts  PtX4,2NH3  with  acids.  The  stability  of  this  hydroxide  is 
such  that  potash  does  not  expel  ammonia  from  it,  even  on  boiling,  and  it  does  not  change 
below  1S0°.  Similar  properties  are  shown  by  the  hydroxide  Pt(OH)5,2NH5  and  the 
oxide  PtO,2NH3  of  Eeiset's  second  base.  But  the  hydroxides  of  the  compounds  con- 
taining 4XH5  are  particularly  remarkable.  The  presence  of  ammonia  renders  them 
soluble  and  energetic.  The  brevity  of  this  work  does  not  permit  us,  however,  to 
mention  many  interesting  particulars  in  connection  with  this  subject. 

1"*  Hydroxides  are  known  corresponding  with  Gros's  salts,  which  contain  one  hydroxyl 
group  in  the  place  of  that  chlorine  or  haloid  which  in  Gros's  salts  reacts  with  difficulty. 
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parative  stability  (for  instance,  as  compared  with  AgCl  and  NH3)  of 
such  compounds,  and  the  existence  of  many  other  compounds  analogous 

and  tlaese  hydroxides  do  not  at  once  show  the  properties  of  alkalis,  just  as  the  chlorine 
which  stands  in  the  same  place  does  not  react  distinctly  ;  but  still,  after  the  prolonged 
action  of  acids,  thishydroxyl  group  is  also  replaced  hy  acids.  Thus,  for  example,  the  action 
of  nitric  acid  on  Pt(NO-,)..Cl2,4NH5  causes  the  non-active  chlorine  to  react,  but  in  the 
product  all  the  chlorine  is  notreplacedbyN05,butonly  half,  and  the  other  half  is  replaced 
by  the  hydroxyl  group  :  Pt(NO-)2C1.2,4NH5  +  HN03  +  HoO  =  Pt{N05)-{OH),4NH-  +  2HCl; 
and  this  is  particularly  characteristic,  because  here  the  hydroxyl  group  has  not  reacted 
with  the  acid — an  evident  sign  of  the  non-alkaline  character  of  this  residue.  I  think  it 
may  be  well  to  call  attention  to  the  fact  that  the  composition  of  the  ammonio-metallo- 
salts  verj  often  exhibits  a  correspondence  between  the  amount  of  X's  and  the  amount 
of  NH5,  of  such  a  nature  that  we  find  they  contain  either  XNH-  or  the  grouping 
S2NH3;  for  example,  Pt(XNH-)o  and  Pt(X2NH-).,  Co(X2NH3)5,  Pt(XNH3)4,  &:c. 
Judging  from  this,  the  view  of  the  constitution  of  the  double  cyanides  of  platinum 
given  in  Note  .11  finds  some  confirmation  here,  but,  in  my  opinion,  all  questions 
respecting  the  composition  (and  structure)  of  the  ammoniacal,  double,  complex,  and 
crystallisation  compounds  stand  connected  with  the  solution  of  questions  respecting  the 
formation  of  compounds  of  various  degrees  of  stability,  among  which  a  theory  of 
solutions  must  be  included,  and  therefore  I  think  that  the  time  has  not  yet  come  for  a 
complete  generalisation  of  the  data  which  exist  for  these  compounds  ;  and  here  I  again 
refer  the  reader  to  Prof.  Kournakoff's  work  cited  in  Chapter  XXII. ,  Note  35.  However, 
we  may  add  a  few  individual  remarks  concerning  the  platinia  compounds. 

To  the  common  properties  of  the  platino-ammonium  salts,  we  must  add  not  only  their 
stability  (feeble  acids  and  alkalis  do  not  decompose  them,  the  ammonia  is  not  evolved 
by  heating,  &c.},  but  also  the  fact  that  the  ordinary  reactions  of  platinum  are  concealed 
in  them  to  as  great  an  extent  as  those  of  iron  in  the  ferricyanides.  Thus  neither  alkalis 
nor  hydrogen  sulphide  will  separate  the  platinmn  from  them.  For  example,  sulphuretted 
hydrogen  in  acting  on  Gros's  salts  gives  sulphur,  removes  half  the  chlorine  by  means  of 
its  hydrogen,  and  forms  salts  of  Eeiset'sfir--t  base.  This  maybe  understood  or  explained 
by  considering  the  platinum  in  the  molecule  as  covered,  walled  up  by  the  ammonia,  or 
situated  in  the  centre  of  the  molecule,  and  therefore  inaccessible  to  reagents.  On  this 
assumption,  however,  we  should  expect  to  find  clearly-expressed  ammoniacal  properties, 
and  this  is  not  the  case.  Thus  ammonia  is  easily  decomposed  by  chlorine,  whilst  in 
acting  on  the  platino- ammoniimi  salts  containing  PtX._.  and  2NH~  or  -INH-,,  cMorine 
combines  and  does  not  destroy  the  ammonia ;  it  converts  Reiset's  salts  into  those  of 
Gros  and  Gerhardt.  Thus  from  PtX.,,2NH5  there  is  formed  PtXoCL,2NH-,  and  from 
PtX2,4NH3  the  salt  of  Gros's  base  PtX.jCl2,4NH-.  This  shows  that  the  amount  of 
chlorine  which  combines  is  not  dependent  on  the  amount  of  ammonia  present,  but  is  due 
to  the  basic  properties  of  platinum.  Owing  to  this  some  chemists  suppose  the  ammonia 
to  be  inactive  or  passive  in  certain  compomids.  It  appears  to  me  that  these  relations, 
these  modifications,  in  the  usual  properties  of  ammonia  and  platinum  are  explained 
directly  by  their  mutual  combination.  Sulphur,  in  sulphurous  anhydride,  SO2,  and 
hydrogen  sulphide,  SHj,  is  naturally  one  and  the  same,  but  if  we  only  knew  of  it  in  the 
form  of  hydrogen  sulphide,  then,  having  obtained  it  in  the  form  of  sulphurous  anhydi'ide, 
we  should  consider  its  properties  as  hidden.  The  oxygen  in  magnesia,  MgO,  and  in 
nitric  peroxide,  NO2,  is  so  different  that  there  is  no  resemblance.  Arsenic  no  longer 
reacts  in  its  compounds  with  hydrogen  as  it  reacts  in  its  compounds  with  chlorine,  and 
in  their  compounds  with  nitrogen  all  metals  modify  both  their  reactions  and  their  physical 
properties.  We  are  accustomed  to  judge  the  metals  by  their  saline  compounds  with 
haloid  groups,  and  ammonia  by  its  compounds  with  acid  substances,  and  here,  in  the 
platino- compounds,  if  we  assume  the  platinum  to  be  bound  to  the  entire  mass  of  the 
anmionia — to  its  hydrogen  and  nitrogen — we  shall  understand  that  both  the  platinum 
and  ammonia  modify  their  characters.    Far  more  complicated  is  the  question  why  a  por- 
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to  them,  endows  them  with  a  particular  chemical  interest.  Thus 
Kournakoff  (1889)  obtained  a  series  of  corresponding  compounds  contain- 

tion  of  the  chlorine  (and  other  haloid  simple  and  complex  groups)  in  Gros's  salts  acts  in 
a  different  manner  from  the  other  portion,  and  why  only  half  of  it  acts  m  the  usual  way. 
But  this  also  is  not  an  exclusive  case.  The  chlorine  in  potassium  chlorate  or  in  carbon 
tetrachloride  does  not  react  with  the  same  ease  with  metals  as  the  chlorine  in  the  salts 
corresponding  with  hydrochloric  acid.  In  this  case  it  is  united  to  oxygen  and  carbon, 
whilst  in  the  platino- ammonium  compounds  it  is  united  partly  to  platinum  and  partly  to 
the  platino- ammonium  group.  Many  chemists,  moreover,  suppose  that  a  part  of  the 
clilorine  is  united  directly  to  the  platinum  and  the  other  part  to  the  nitrogen  of  the 
ammonia,  and  thus  explain  the  difference  of  the  reactions ;  but  chlorine  united  to 
platinum  reacts  as  well  with  a  silver  salt  as  the  clilorine  of  ammonium  chloride,  NH4CI, 
or  nitrosyl  chloride,  NOCl,  although  there  is  no  doubt  that  in  this  case  there  is  a 
union  between  the  chlorine  and  nitrogen.  Hence  it  is  necessary  to  explain  the  absence 
of  a  facile  reactive  capacity  in  a  portion  of  the  chlorine  by  the  conjoint  influence 
of  the  platinum  and  ammonia  on  it,  whilst  the  other  portion  may  be  admitted  as 
being  under  the  influence  of  the  platinmn  only,  and  therefore  as  reacting  as  in  other 
salts.  By  admitting  a  certain  kind  of  stable  union  in  the  platino- ammonium  grouping, 
it  is  possible  to  imagine  that  the  clilorine  does  not  react  with  its  customary  facility, 
because  access  to  a  portion  of  the  atoms  of  chlorine  in  this  complex  grouping  is  difficult, 
and  the  chlorine  union  is  not  the  same  as  we  usually  meet  in  the  saline  compounds  of 
clilorine.  These  are  the  grounds  on  which  we,  in  refuting  the  now  accepted  explanations 
of  the  reactions  and  formation  of  the  platino- compounds,  pronounce  the  following  opinion 
as  to  their  structure. 

In  characterising  the  platino -ammonium  compounds,  it  is  necessary  to  bear  in  mind 
that  compounds  which  already  contain  PtX.^  do  not  combine  directly  with  NH5,  and  that 
such  compounds  as  PtX4,4NH5  only  proceed  from  PtXg,  and  therefore  it  is  natural  to 
conclude  that  those  affinities  and  forces  which  cause  PtXg  to  combme  with  X.i  also  cause 
it  to  combine  with  2NH3.  And  having  the  compound  PtXojQNHg,  and  supposing  that  in 
subsequently  combining  with  CI,  it  reacts  with  those  affinities  which  produce  the  com- 
pounds of  platinic  chloride,  PtCl^,  with  water,  potassium  chloride,  potassium  cyanide, 
hydrochloric  acid,  and  the  like,  we  explain  not  only  the  fact  of  combination,  but  also 
many  of  the  reactions  occurring  in  the  transition  of  one  kind  of  platino -ammonium  salts 
into  another.  Thus  by  this  means  we  explain  the  fact  that  (1)  PtX2,2NH5  combines 
with  2NH5,  forming  salts  of  Reiset's  first  base  ;  (2)  and  the  fact  that  tliis  compound 
(represented  as  follows  for  distinctness),  PtX2,2NH5,2NH5,  when  heated,  or  even  when 
boiled  in  solution,  again  passes  into  PtX<:,,2NH3  (which  resenables  the  easy  disengage- 
ment of  water  of  crystallisation,  S:c.) ;  (3)  the  fact  that  PtXo,2NH5  is  capable  of  absorbing, 
under  the  action  of  the  same  forces,  a  molecule  of  chlorine,  PtX2,2NH5,Cl2,  which  it 
then  retains  with  energy,  because  it  is  attracted,  not  only  by  the  platinum,  but  also  by  the 
hydrogen  of  the  ammonia ;  (4)  the  fact  that  this  chlorine  held  in  this  compound  (of 
Gerhardt)  will  have  a  position  unusual  in  salts,  which  will  explain  a  certain  (although 
very  feebly-marked)  difficulty  of  reaction;  (5)  the  fact  that  this  does  not  exhaust  the 
faculty  of  platinum  for  further  combination  (we  need  only  recall  the  compound 
PtCl4,2HCl,16H20) ,  and  that  therefore  both  PtX2,2NH3,C1.2  and  PtX2,2NH3,2NH5  are  still 
capable  of  combination,  whence  the  latter,  with  chlorine,  gives  PtX2,2NH5,2NHg,Cl2, 
after  the  type  of  PtX4Y4  (and  perhaps  higher) ;  (6)  the  fact  that  Gros's  compounds 
thus  formed  are  readily  re-converted  into  the  salts  of  Eeiset's  first  base  when  acted  on 
by  reducing  agents;  (7)  the  fact  that  in  Gros's  salts,  PtX2,2NH5(NH5X)2,  the  newly- 
attached  chlorine  or  haloid  will  react  with  difficulty  with  salts  of  silver,  tfec,  because  it  is 
attached  both  to  the  platinum  and  to  the  ammonia,  for  both  of  which  it  has  an  attraction ; 
(8)  the  fact  that  the  faculty  for  further  combination  is  not  even  yet  exhausted  in  the 
type  of  Gros's  salts,  and  that  we  actually  have  a  compound  of  Gros's  chlorine  salt  with 
platiuous  cliloride  and  with  platinic  chloride ;  the  salt  PtS04,2NH3,2NH3,S04  com- 
bines further  also  with  H.^O  ;  (9)  the  fact  that  such  a  faculty  of  combination  with  new 
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ing  thiocarbamide,  CSN2H4,  in  the  place  of  ammonia,  PtCl9,4CSJS"2H4, 
and  others  corresponding  with  Reiset's  salts.  Hydroxylarnine,  and 
other  substances  corresponding  with  ammonia,  also  give  similar  com- 
pounds. The  common  properties  and  composition  of  such  compounds 
show  their  entire  analogy  to  the  cobaltia  compounds  (especially  for 
ruthenium  and  iridium)  and  correspond  to  the  fact  that  both  the 
platinum  metals  and  cobalt  occur  in  the  same,  eighth,  group. 

molecules  is  naturally  more  developed  in  tliQ  lower  forms  of  combination  than  in  the 
higher.  Hence  the  salts  of  Reiset's  first  base — for  example,  PtCl252NH5,2NH-^ — both 
combine  with  water  and  give  precdpitates  (soluble  in  water  but  not  in  hydrochloric  acid) 
of  double  salts  with  many  salts  of  the  heavy  metals — for  example,  with  lead  cliloride, 
cupric  chloride,  and  also  with  platinic  and  platinous  chlorides  (Buckton's  salts).  The 
latter  compounds  will  have  the  composition  PtCl.,,2NH5,2NH3,PtCl2 — that  is,  the  same 
composition  as  the  salts  of  Beiset's  second  base,  but  it  cannot  be  identical  with  it. 
Such  an  interesting  case  does  actually  exist.  The  first  salt,  PtC1.3,4NH-.PtGL^,  is  green, 
insoluble  in  water  and  in  hydrochloric  acid,  and  is  known  as  Magnus's  salt,  and  the 
second,  PtClo,2NH3,  is  Reiset's  yellow,  sparingly  soluble  (in  water).  They  are  polymeric, 
namely,  the  first  contains  twice  the  number  of  elements  held  in  the  second,  and  at  the 
same  time  they  easily  pass  into  each  other.  If  ammonia  be  added  to  a  hot  hydrochloric 
acid  solution  of  platinous  chloride,  it  forms  the  salt  PtCl2,4NH-,  but  in  the  presence  of 
an  excess  of  platinous  chloride  it  gives  Magnus's  salt.  On  boiling  the  latter  in  ammonia  it 
gives  a  colourless  soluble  salt  of  Reiset's  first  base,  PtCLjiNH^,  and  if  this  be  boiled  with 
water,  ammonia  is  disengaged,  and  a  salt  of  Reiset's  second  base,  PtClgtSNH^,  is  obtained. 
A  class  of  platino- ammonium  isomerides  (obtained  by  Millon  and  Thomsen)  are  also 
known.  Buckton's  salts — for  example,  the  copper  salt — were  obtained  by  them  from  the 
salts  of  Reiset's  first  base,  PtCl2,4NH5,  by  treatment  with  a  solution  of  cupric  chloride, 
&c.,  and  therefore,  according  to  our  method  of  expression,  Buckton's  copper  salt  will  be 
PtCl-jjiNH-jCuCla.  This  salt  is  soluble  in  water,  but  not  in  hydrochloric  acid.  In  it 
the  anunonia  must  be  considered  as  united  to  the  platinum.  But  if  cupric  chloride  be 
dissolved  in  ammonia,  and  a  solution  of  platinous  chloride  in  ammonium  chloride  is 
added  to  it,  a  violet  precipitate  is  obtained  of  the  same  composition  as  Buckton's 
salt,  which,  however,  is  insoluble  in  water,  but  soluble  in  hydrochloric  acid.  In  this  a 
portion,  if  not  all,  of  the  ammonia  must  be  regarded  as  united  to  the  copper,  and  it  must 
therefore  be  represented  as  CuCl2,4NH3,PtCl_,.  This  form  is  identical  in  composition 
but  different  in  properties  (is  isomeric)  with  the  preceding  salt  (Buckton's).  The  salt  of 
Magnus  is  intermediate  between  them,  PtClo,4NH;;;,PtCLj ;  it  is  insoluble  in  water  and 
hydrochloric  acid.  These  and  certain  other  instances  of  isomeric  compounds  in  the 
series  of  the  platino- ammonium  salts  throw  a  light  on  the  nature  of  the  compounds  in 
question,  just  as  the  study  of  the  isomerides  of  the  carbon  compounds  has  served  and 
still  serves  as  the  chief  cause  of  the  rapid  progress  of  organic  chemistry.  In  conclusion, 
we  may  add  that  (according  to  the  law  of  substitution)  we  must  necessarily  expect  all 
kinds  of  intermediate  compounds  between  the  platino  and  analogous  ammonia  deriva- 
tives on  the  one  hand,  and  the  complex  compounds  of  nitrous  acid  on  the  other. 
Perhaps  the  instance  of  the  reaction  of  ammonia  upon  osmic  anhydride,  OsO^,  observed 
by  Fritsche,  Fr^my,  and  others,  and  more  fully  studied  by  Joly  (1891),  belongs  to  this 
class.  The  latter  showed  that  when  ammonia  acts  upon  an  alkaline  solution  of  OsO^ 
the  reaction  proceeds  according  to  the  equation  :  O8O4  +  KHO  +  NH-  =  OsNKO^  +  2H2O. 
It  might  be  imagined  that  in  this  case  the  ammonia  is  oxidised,  probably  forming  the 
residue  of  nitrous  acid  (NO),  while  the  type  OsO^  is  deoxidised  into  OsOg,  and  a  salt, 
OsO(NO)(KO),  of  the  type  OsX^  is  formed.  This  salt  crystallises  well  in  light  yellow 
octahedra.  It  corresponds  to  osmiamic  acid,  OsO(ON)(HO),  whose  anhydride 
[OsO(NO)]o,  has  the  composition  OS2N2O5,  which  equals  20s  +  N2O5  to  the  same  extent 
as  the  above-mentioned  compound  PtCOo  equals  Pt  +  CO^  [see  Note  11). 
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CHAPTER   XXIY 

COPPER,    SILVER,    AND    GOLD 

That  degree  of  analogy  and  difference  which  exists  between  iron, 
cobalt,  and  nickel  repeats  itself  in  the  corresponding  triad  ruthenium, 
rhodium,  and  palladium,  and  also  in  the  heavy  platinum  metals, 
osmium,  iridium,  and  platinum.  These  nine  metals  form  Group  VIII. 
of  the  elements  in  the  periodic  system,  being  the  intermediate  group 
between  the  even  elements  of  the  large  periods  and  the  uneven,  among 
which  we  know  zinc,  cadmium,  and  mercury  in  Group  II.  Copper, 
silver,  and  gold  complete  '  this  transition,  because  their  properties 
place  them  in  proximity  to  nickel,  palladium,  and  platinum  on  the  one 
hand,  and  to  zinc,  cadmium,  and  mercury  on  the  other.  Just  as  Zn, 
Cd,  and  Hg  ;  Fe,  Ru,  and  Os  ;  Co,  Rh,  and  Ir  ;  Ni,  Pd,  and  Pt, 
resemble  each  other  in  many  respects,  so  also  do  Cu,  Ag,  and  Au. 
Thus,  for  example,  the  atomic  weight  of  copper  Cu  =  63,  and  in  all  its 
properties  it  stands  between  Xi  =  59  and  Zn  =  65.  But  as  the  tran- 
sition from  Group  YIII.  to  Group  II.,  where  zinc  is  situated,  cannot  be 
otherwise  than  through  Group  I.,  so  in  copper  there  are  certain  pro- 
perties of  the  elements  of  Group  I.  Thus  it  gives  a  suboxide,  CujO, 
and  salts,  CuX,  like  the  elements  of  Group  I.,  although  at  the  same 
time  it  forms  an  oxide,  CuO,  and  salts  CuX,,  like  nickel  and  zinc.  In 
the  state  of  the  oxide,  CuO,  and  the  salts,  CuXj,  copper  is  analogous  to 
zinc,  judging  from  the  insolubility  of  the  carbonates,  phosphates,  and 
similar  salts,  and  by  the  isomorphism,  and  other  characters.^  In  the 
cuprous  salts  there  is  undoubtedly  a  great  resemblance  to  the  silver 

1  The  perfectly  unicjue  position  held  by  copper,  silver,  and  gold  in  the  periodic  system 
of  the  elements,  and  the  degree  of  affinity  which  is  found  between  them,  is  all  the  more 
remarkable,  as  nature  and  practice  have  long  isolated  these  metals  from  all  others  by 
having  employed  them — for  example,  for  coinage — and  determined  their  relative 
importance  and  value  in  conformity  with  the  order  (silver  between  copper  and  gold)  of 
their  atomic  weights,  &c. 

-  Cupric  sulphate  contains  5  molecules  of  water,  CuS04,5H20,  and  the  isomorphous 
mixtures  with  ZnS04,7H20  contain  either  5  or  7  equivalents,  accordmg  to  whether  copper 
or  zinc  predominates  (Vol.  II.  p.  6).  If  there  be  a  large  proportion  of  copper,  and  if  the 
mixture  contain  SH^O,  the  form  of  the  isomorphous  mixture  (tricliuic)  will  be  isomorphous 
with  cupric  sulphate,  CuSO.i,5Il20,  but  if  a  large  amount  of  zinc  (or  magnesium,  iron, 
nickel,  or  cobalt)  be  present  the  form  (rhombic  or  monoclinic)  will  be  nearly  the  same 
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salts — thus,  for  example,  silver  chloride,  AgCl,  is  characterised  by  its 
insolubility  and  capacity  of  combining  with  ammonia,  and  in  this  respect 
cuprous  chloride  closely  resembles  it,  for  it  is  also  insoluble  in  water, 
and  combines  with  ammonia  and  dissolves  in  it,  ifec.  Its  composition  is 
also  E.01,  the  same  as  AgCl,  NaCl,  KCl,  ifec,  and  silver  in  many  com- 
pounds resembles,  and  is  even  isomorphous  with,  sodium,  so  that  this 
again  justifies  their  being  brought  together.  Silver  chloride,  cuprous 
chloride,  and  sodium  chloride  crystallise  in  the  regular  system. 
Besides  which,  the  specific  heats  of  copper  and  silver  require  that  they 
should  have  the  atomic  weights  ascribed  to  them.  To  the  oxides  CU2O 
and  AgjO  there  are  corresponding  sulphides  AggS  and  Cu(,S.  They 
both  occur  in  nature  in  crystals  of  the  rhombic  system,  and,  what  is 
most  important,  copper  glance  contains  an  isomorphous  mixture  of 
them  both,  and  retains  the  form  of  copper  glance  with  various  pro- 
portions of  copper  and  silver,  and  therefore  has  the  composition  R^S 
where  R  =  Cu,  Ag. 

Notwithstanding  the  resemblance  in  the  atomic  composition  of  the 
cuprous  compounds,  CuX,  and  silver  compounds,  AgX,  with  the  com- 
pounds of  the  alkali  metals  KX,  NaX,  there  is  a  considerable  degree 
of  difference  between  these  two  series  of  elements.  This  difference  is 
clearly  seen  in  the  fact  that  the  alkali  metals  belong  to  those  elements 
which  combine  with  extreme  facility  with  oxygen,  decompose  water, 
and  form  the  most  alkaline  bases  ;  whilst  silver  and  copper  are 
oxidised  with  difficulty,  form  less  energetic  oxides,  and  do  not  decom- 
pose water,  even  at  a  rather  high  temperature.  Moreover,  they  only 
displace  hydrogen  from  very  few  acids.  The  difference  between  them 
is  also  seen  in  the  dissimilarity  of  the  properties  of  many  of  the 
corresponding  compounds.  Thus  cuprous  oxide,  CujO,  and  silver  oxide, 
AgjO,  are  insoluble  in  water  :  the  cuprous  and  silver  carbonates, 
chlorides,  and  sulphates  are  also  sparingly  soluble  in  water.  The 
oxides  of  silver  and  copper  are  also  easily  reduced  to  metal.  This 
difference  in  properties  is  in  intimate  relation  with  that  difierence  in 
the  density  of  the  metals  which  exists  in  this  case.  The  alkali  metals 
belong  to  the  lightest,  and  copper  and  silver  to  the  heaviest,  and  there- 
fore the  distance  between  the  molecules  in  these  metals  is  very  dis- 
similar— it  is  greater  for  the  former  than  the  latter  (tables  in  Chapter 
XV.).  From  the  point  of  view  of  the  periodic  law,  this  difference 
between  copper  and  silver  and  such  elements  of  Group  I.  as  potassium 
and   rubidium,  is   clearly  seen  from  the  fact  that  copper  and    silver 

as  that  of  zinc  sulphate,  ZnSOijVHaO.  Supersaturated  solutions  of  each  of  these  salts 
crystallise  in  that  form  aud  with  that  amount  of  water  which  is  contained  in  a  crystal 
of  one  or  other  of  the  salts  brought  in  contact  with  the  solution  (Chapter  XIV.,  Note  27). 
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stand  in  the  middle  of  those  large  periods  (for  example,  K,  Ca,  Sc,  Ti, 
A^  Cr,  jMn,  Fe,  Co,  Ni,  Cu,  Zn,  Ga,  Ge,  As,  Se,  Br)  which  start  with 
the  true  metals  of  the  alkalis — that  is  to  say,  the  analogy  and  difference 
between  potassium  and  copper  are  of  the  same  nature  as  that  between 
chromium  and  selenium,  or  vanadium  and  arsenic. 

Copper  is  one  of  the  few  metals  which  have  long  been  known  in  a 
metallic  form.  The  Greeks  and  Romans  imported  copper  chiefly  from 
the  island  of  Cyprus — whence  its  Latin  name,  cuprum.  It  was  known 
to  the  ancients  before  iron,  and  was  used,  especially  when  alloyed  with 
other  metals,  for  arms  and  domestic  utensils.  That  copper  was  known 
to  the  ancients  will  be  understood  from  the  fact  that  it  occurs,  although 
rarely,  in  a  native  state,  and  is  easily  extracted  from  its  other  natural 
compounds.  Among  the  latter  are  the  oxygen  compounds  of  copper. 
When  ignited  with  charcoal,  they  easily  give  up  theii  oxygen  to 
it,  and  yield  metallic  copper  ;  hydrogen  also  easily  takes  up  the 
oxygen  from  copper  oxide  when  heated.  Copper  occurs  in  a  native 
state,  sometimes  in  association  with  other  ores,  in  many  parts  of  the 
Urals  and  in  Sweden,  and  in  considerable  masses  in  America,  espe- 
cially in  the  neighbourhood  of  the  great  American  lakes  ;  and  also  in 
Chili,  Japan,  and  China.  The  oxygen  compounds  of  copper  are  also  of 
somewhat  common  occurrence  in  certain  localities  ;  in  this  respect 
certain  deposits  of  the  Urals  are  especially  famous.  The  geological 
period  of  the  Urals  (Permian)  is  characterised  by  a  considerable  dis- 
tribution of  copper  ores.  Copper  is  met  with  in  the  form  of  cuprous 
oxide,  or  suboxide  of  copiper,  CujO,  and  is  then  known  as  red  copper 
ore,  because  it  forms  red  masses  which  not  unf requently  are  crystallised 
in  the  regular  system.  It  is  found  much  more  rarely  in  the  state  of 
cupric  oxide,  CuO,  and  is  then  called  black  copper  ore.  The  most 
common  of  the  oxygenised  compounds  of  copper  are  the  basic  carbonates 
corresponding  with  the  oxides.  That  these  compounds  are  undoubtedly 
of  aqueous  origin  is  apparent,  not  only  from  the  fact  that  specimens 
are  frequently  found  of  a  gradual  transition  from  the  metallic,  sul- 
phuretted, and  oxidised  copper  into  its  various  carbonates,  but  also  from 
the  presence  of  water  in  their  composition,  and  from  the  laminar, 
reniform  structure  which  many  of  them  present.  In  this  respect  mala- 
chite is  particularly  well  known  ;  it  is  used  as  a  green  paint  and  also 
for  ornaments,  owing  to  the  diversity  of  the  shades  of  colour  presented 
by  the  different  layers  of  deposited  malachite.  The  composition  of 
malachite  corresponds  with  the  basic  carbonate  containing  one  molecule 
of  cupric  carbonate  to  one  of  hydroxide  ;  CuC03,CuH202.  In  this 
form  the  copper  frequently  occurs  in  admixture  with  various  sedi- 
mentary rocks,  forming  large  strata,  which  confirms  the  aqueous  origin 
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of  these  compounds.  There  are  many  such  localities  in  the  Perm  and 
other  Governments  bounding  the  Urals.  Blue  carbonate  of  copper,  or 
azurite,  is  also  often  met  with  in  the  same  localities  ;  it  contains  the 
same  ingredients  as  malachite,  but  in  a  different  proportion,  its  com- 
position being  CuH^Ogj^CuCOg.  Both  these  substances  may  be  ob- 
tained artificially  by  the  action  of  the  alkali  carbonates  on  solutions 
of  cupric  salts  at  various  temperatures.  These  native  carbonates  are 
often  used  for  the  extraction  of  copper,  all  the  more  as  they  very 
readily  give  metallic  copper,  evolving  water  and  carbonic  anhydride 
when  ignited,  and  leaving  the  easily -reducible  cupric  oxide.  Copper 
is,  however,  still  more  often  met  with  in  the  form  of  the  sulphides. 
The  sulphides  of  copper  generally  occur  in  chemical  combination 
with  the  sulphides  of  iron.-*  These  copper-sulphur  compounds  (copper 
pyrites  CuFeS2,  variegated  copper  ore  CugFeH,.,  Ltc.)  generally  occur  in 
veins  in  a  rock  gangue. 

The  extraction  of  copper  from  its  oxide  ores  does  not  present  any 
difficulty,  because  the  copper,  when  ignited  with  charcoal  and  melted, 
is  reduced  from  the  impurities  which  accompany  it.  This  mode  of 
smelting  copper  ores  is  carried  on  in  cupola  or  cylindrical  furnaces, 
fluxes  forming  a  slag  being  added  to  the  mixture  of  ore  and  charcoal. 

^  Iron  pyrites,  PeS2,  very  often  contain  a  small  quantity  of  copper  sulphide  [see 
Chapter  XXII.,  Note  2  bis),  and  on  burning  the  iron  pyrites  for  sulphurous  anhydride  the 
copper  oxide  remains  in  the  residue,  from  which  the  copper  is  often  extracted  with  profit. 
For  this  purpose  the  whole  of  the  sulphur  is  not  burnt  off  from  the  iron  pyrites,  but  a 
portion  is  left  behind  in  the  ore,  which  is  then  slowly  ignited  (roasted)  with  access  of  air. 
Cupric  sulphate  is  then  formed,  and  is  extracted  by  water ;  or  what  is  better  and  more 
frequently  done,  the  residue  from  the  roasting  of  the  pyrites  is  roasted  with  common 
salt,  and  the  solution  of  cupric  chloride  obtained  by  lixiviating  is  larecipitated  with  iron. 
A  far  greater  amount  of  copper  is  obtained  from  other  sulphuretted  ores.  Among  these 
cop]}er  glance,  OU2S,  is  more  rarely  met  with.  It  has  a  metallic  lustre,  is  grey,  generally 
crystalline,  and  is  obtained  in  admixture  with  organic  matter  ;  so  that  there  is  no  doubt 
that  its  origin  is  due  to  the  reducing  action  of  the  latter  on  solutions  of  cupric  sulphate. 
Variegated  cojyj^e?-  ore,  which  crystallises  in  octahedra,  not  infrequently  forms  an 
admixture  in  copper  glance;  it  has  a  metallic  lustre,  and  is  reddish-brown;  it  has  a 
superficial  play  of  colours,  due  to  oxidation  proceeding  on  its  surface.  Its  composition  is 
CusFeSs-  But  the  most  common  and  widely-distributed  copper  ore  is  copper  jyyHtes, 
which  crystallises  in  regular  octahedra  ;  it  has  a  metallic  lustre,  a  sp.  gr.  of  4'0,  and 
yellow  colour.  Its  composition  is  CuFeSo.  It  must  be  remarked  that  the  sulphurous 
ores  of  copper  are  oxidised  in  the  presence  of  water  containing  oxygen  in  solution, 
and  form  cupric  sulphate,  blue  vitriol,  which  is  easily  soluble  in  water.  If  this  water 
contains  calcium  carbonate,  gypsum  and  cupric  carbonate  are  formed  by  double 
decomposition:  CuS04  +  CaC05  =  CuCOs  +  CaSO^.  Hence  copper  sulphide  in  the  form 
of  different  ores  must  be  considered  as  the  primary  product,  and  the  many  other  copper 
ores  as  secondary  products,  formed  by  water.  This  is  confirmed  by  the  fact  that  at  the 
present  time  the  water  extracted  from  many  copper  mines  contains  cupric  sulphate  in 
solution.  From  this  liquid  it  is  easy  to  extract  cupric  oxide  by  the  action  of  organic 
matter  and  various  impurities  of  water.  Hence  metallic  copper  is  sometimes  found  in 
natural  products  of  the  modification  of  copper  sulphide  and  is  probably  deposited  by 
the  action  of  organic  matter  present  in  the  water. 
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The  smelted  copper  still  contains  sulphur,  iron,  and  other  metallic 
impurities,  from  ^hich  it  is  freed  by  fusion  in  reverberatory  furnaces, 
with  access  of  air  to  the  surface  of  the  molten  metal,  as  the  iron  and 
sulphur  are  more  easily  oxidised  than  the  copper.  The  iron  then 
separates  as  oxides,  which  collect  in  the  slag.'' 

^  Copper  ores  rich  in  oxygen  are  very  rare  ;  the  sulphur  ores  are  of  more  common 
occun-encej  but  the  extraction  of  tho  copper  from  them  is  much  more  diflQculfc.  The 
problem  here  not  only  consists  in  the  removal  of  the  sulphur,  but  also  in  the  removal  of 
the  iron  combined  with  the  sulphur  and  copper.  This  is  attained  by  a  whole  series  of 
operations,  after  which  there  still  sometimes  remains  the  extraction  of  the  metallic  silver 
which  generally  accompanies  the  copper,  although  in  but  small  quantity.  These 
processes  commence  with  the  roasting — i.e.  calcination — of  the  ore  with  access  of  air,  by 
which  means  the  sulphur  is  converted  into  sulphurous  anhydride.  It  should  here  be 
remarked  that  iron  sulphide  is  more  easily  oxidised  than  copper  sulphide,  and  therefore 
the  greater  part  of  the  iron  in  the  residue  fi'om  roasting  is  no  longer  in  the  form  of 
sulphide  but  of  oxide  of  iron.  The  roasted  ore  is  mixed  with  charcoal,  and  siliceous  fluxes, 
and  smelted  in  a  cupola  furnace.  The  iron  then  passes  into  the  slag,  because  its  oxide 
gives  an  easily-fusible  mass  with  the  silica,  whilst  the  copper,  in  the  form  of  sulphide, 
fuses  and  collects  under  the  slag.  The  greater  part  of  the  iron  is  removed  from  the 
mass  by  this  smelting.  The  resultant  coarse  metal  is  again  roasted  in  order  to 
remove  the  greater  part  of  the  sulphur  from  the  copper  sulpliide,  and  to  convert  the 
metal  into  oxide,  after  which  the  mass  is  again  smelted.  These  processes  are  repeated 
several  times,  according  to  the  richness  of  the  ore.  Dui-ing  these  smeltmgs  a  portion  of 
the  copper  is  already  obtained  in  a  metallic  form,  because  copper  sulphide  gives 
metallic  copper  ^-ith  the  oxide  (CuS-i-2CuO  =  SCu  +  SO-j).  We  will  not  here  describe 
the  furnaces  used  or  the  details  of  this  process,  but  the  above  remarks  include  the  ex- 
planation of  those  chemical  processes  which  are  accomplished  in  the  various  tech- 
nical operations  which  are  made  use  of  in  the  process  (for  details  see  works  on 
metallurgy). 

Besides  the  smelting  of  copper  there  also  exist  methods  for  its  extraction  from 
solutions  in  the  wet  way,  as  it  is  called.  Recourse  is  generally  bad  to  these  methods  for 
poor  copper  ores.  The  copper  is  brought  into  solution,  from  which  it  is  separated  by 
means  of  metallic  iron  or  by  other  methods  (by  the  action  of  an  electric  current).  The 
sulphides  ai"e  roasted  in  such  a  manner  that  the  greater  part  of  the  copper  is  oxidised 
into  cupric  sulphate,  whilst  at  the  same  time  the  corresponding  iron  salts  are  as  faj  as 
possible  decomposed.  Tliis  process  is  based  on  the  fact  that  the  copper  sulphides  absorb 
oxygen  when  they  are  calcined  in  the  presence  of  air,  forming  cupric  sulphate.  The 
roasted  ore  is  treated  with  water,  to  which  acid  is  sometimes  added,  and  after  Hxivia- 
tion  the  resultant  solution  containing  copper  is  treated  either  with  metallic  iron  or  with 
milk  of  lime,  wliich  precipitates  cupric  hydroxide  from  the  solution.  Copper  oxide 
ores  poor  in  metal  may  be  treated  with  dilute  acids  in  order  to  obtain  the  coppet 
oxides  in  solution,  from  which  the  copper  is  then  easily  precipitated  either  by  iron  or 
as  hydroxide  by  lime.  According  to  Hunt  and  Douglas's  method,  the  copper  in  the  ore 
is  converted  by  calcination  into  the  cupric  oxide,  which  is  brought  into  solution  by 
the  action  of  a  mixture  of  solutions  of  ferrous  sulphate  and  sodium  chloride ; 
the  oxide  converts  the  ferrous  chloride  into  ferric  oxide,  forming  copper  chlorides, 
according  to  the  equation  3CuO-|-2FeCL  =  CuCla  +  2CuCl  +  FcoOj.  The  cupric  chloride 
is  soluble  in  water,  whilst  the  cuprous  chloride  is  dissolved  in  the  solution  of  sodium 
chloride,  and  therefore  all  the  copper  passes  into  solution,  from  which  it  is  precipitated 
by  iron. 

The  same  American  metallurgists  give  the  following  wet  method  for  extracting  the 
Ag  and  Au  occurring  in  many  copper  ores,  especially  in  sulphurous  ores  :  (1)  The  CU2S  is 
first  converted  into  oxide  by  roasting  in  a  calciner ;  (2)  the  CiiO  is  extracted  by  the 
dilute  sulphuric  acid  obtained  in  the  fourth  process,  the  Cu  then  passes  into  solution, 
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Copper  is  characterised  by  its  red  colour,  which  distinguishes  it 
from  all  other  metals.  Pure  copper  is  soft,  and  may  be  beaten  out  by 
a  hammer  at  the  ordinary  temperature,  and  when  hot  may  be  rolled 
into  very  thin  sheets.  Extremely  thin  leaves  of  copper  transmit  a 
green  light.  The  tenacity  of  copper  is  also  considerable,  and  next  to 
iron  it  is  one  of  the  most  durable  metals  in  this  respect.  Copper  wire 
of  1  sq.  millimetre  in  section  only  breaks  under  a  weight  of  45  kilograms. 
The  specific  gravity  of  copper  is  SvS,  unless  it  contains  cavities  due  to  the 
fact  that  molten  copper  absorbs  oxygen  from  the  air,  which  is  disen- 
gaged on  cooling,  and  therefore  gives  a  porous  mass  whose  density  is 
much  less.  Rolled  copper,  and  also  that  which  is  deposited  by  the  electric 
current,  has  a  comparatively  high  density.  Copper  melts  at  a  bright 
red  heat,  about  1050°,  although  below  the  temperature  at  which  many 
kinds  of  cast  iron  melt.  At  a  high  temperature  it  is  converted  into 
vapour,  which  communicates  a  green  colour  to  the  flame.  Both  native 
copper  and  that  cooled  from  a  molten  state  crystallise  in  regular 
octahedra.  Copper  is  not  oxidised  in  dry  air  at  the  ordinary  tempera- 
ture, but  when  calcined  it  becomes  coated  with  a  layer  of  oxide,  and  it 
does  not  burn  even  at  the  highest  temperature.  Copper,  when  calcined 
in  air,  forms  either  the  red  cuprous  oxide  or  the  black  cupric  oxide, 

Tvhile  the  Ag,  Au  and  oxides  of  iron  remain  behind  in  the  residue  (from  wliich  the  noble 
metals  may  be  extracted) ;  (B)  a  portion  of  the  copper  in  solution  is  converted  into  CuCl^ 
(and  CaS04  precipitated)  by  means  of  the  CaCU  obtained  in  the  fifth  process  ;  (4)  the 
mixture  of  solutions  of  CUSO4  and  CuClo  is  converted  into  the  insoluble  CuCl  (salt  of  the 
suboxide)  by  the  action  of  the  SO2  obtained  by  roasting  the  ore  (in  the  first  opergition), 
sulphuric  acid  is  then  formed  in  the  solution,  according  to  the  equation :  CuSO^-F  CuCla 
+  S02  +  2H;.20  =  2H0SO4  +  2CUCI;  (5)  the  precipitated  CuCl  is  treated  with  lime  and 
water,  and  gives  CuCU  in  solution  and  CuO  in  the  residue  ;  and  lastly  (6)  the  Cu^O  is 
reduced  to  metallic  Cu  by  carbon  in  a  furnace.  According  to  Crooke's  method  the  impure 
copper  regulus  obtained  by  roasting  and  smelting  the  ore  is  broken  up  and  immersed 
repeatedly  in  molten  lead,  which  extracts  the  Ag  and  Au  occurring  in  the  regulus.  The 
regulus  is  then  heated  in  a  reverberatory  furnace  to  run  off  the  lead,  and  is  then  smelted 
for  Cu. 

The  copper  brought  into  the  market  often  contains  small  quantities  of  various  impuri- 
ties. Among  these  there  are  generally  present  iron,  lead,  silver,  arsenic,  and  sometimes 
small  quantities  of  oxides  of  copper.  As  copper,  when  mixed  with  a  small  amount  of 
foreign  substances,  loses  its  tenacity  to  a  certain  degree,  the  manufacture  of  very  thin 
sheet  copper  requires  the  use  of  Chili  copper,  which  is  distingnished  for  its  great  softness, 
and  therefore  when  it  is  desired  to  have  pure  copper,  it  is  best  to  take  thin  sheet  copper, 
like  that  which  is  u  sed  in  the  manufacture  of  cartridges.  But  the  purest  copper  is  electro- 
lytic copper — that  is,  that  which  is  deposited  from  a  solution  by  the  action  of  an 
electric  current. 

If  the  copper  contains  silver,  as  is  often  the  case,  it  is  used  in  gold  refineries  for  the 
precipitation  of  silver  from  its  solutions  in  sulphuric  acid.  Iron  and  zinc  reduce  copper 
salts,  but  copper  reduces  mercury  and  silver  salts.  The  precipitate  contains  not  only  the 
silver  which  was  previously  in  solution,  but  also  all  that  which  was  in  the  copper.  The 
silver  solutions  in  sulphuric  acid  are  obtained  in  the  separation  of  silver  from  gold  by 
treating  their  alloys  with  sulphuric  acid,  which  only  dissolves  the  silver. 
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according  to  the  temperature  and  quantity  of  air  supplied.  Tn  air 
at  the  ordinary  temperature,  copper — as  everyone  knows — becomes 
coated  with  a  brown  layer  of  oxides  or  a  green  coating  of  basic  salts, 
due  to  the  action  of  the  damp  air  containing  carbonic  acid.  If  this 
action  continue  for  a  prolonged  time,  the  copper  is  covered  with  a  thick 
coating  of  basic  carbonate,  or  the  so-called  verdigris  (the  a'nnfo  nohlHs 
of  ancient  statues).  This  is  due  to  the  fact  that  copper,  although 
scai'cely  capable  of  oxidising  by  itself,'  in  the  presence  of  (rater  and 
acids — even  very  feeble  acids,  like  carbonic  acid — absorbs  oxygen  from 
the  air  and  forms  salts,  which  is  a  very  characteristic  property  of  it  (and 
of  lead).^  Copper  does  not  decompose  water,  and  therefore  does  not  disen- 

^  Sohtitzenberger  showed  tliab  when  the  basic  carbonate  of  copper  is  decomposed  by 
an  electric  current  it  gives,  besides  the  ordinarj-^  copper,  an  allotropic  form  which  grows 
on  the  negative  platinum  electrode,  if  its  surface  be  smaller  than  that  of  the  positive 
copper  electrode,  in  the  form  of  brittle  crystalline  growths  of  sp.  gr.  SI.  It  differs  from 
ordinary  copper  by  giving  not  nitric  oxide  but  nitrous  oxide  when  treated  with  nitric 
acid,  and  in  being  very  easily  oxidised  in  air,  and  coated  with  red  shades  of  colour.  It 
is  possible  that  this  is  copper  hydride,  or  copper  which  has  occluded  hydrogen.  Spring 
(1.S02)  observed  that  copper  reduced  from  the  oxide  by  hydi-ogen  at  the  lowest  possible 
temperature  was  pulverulent,  while  that  reduced  from  CuCl.,  at  a  somewhat  high  tem- 
perature apjieared  in  bright  crystals.  The  same  difference  occurs  with  many  other 
metals,  and  is  probably  partly  due  to  the  volatility  of  the  metallic  chlorides. 

*'  This  is  taken  advantage  of  in  practice  ;  for  instance,  by  pouring  dilute  acids  over 
copper  turnings  on  revolving  tables  in  the  preparation  of  copper  salts,  such  as  verdigi'is, 
or  the  basic  acetate  2C4H,;Cu04,CuH;;Oo,5HoO,  which  is  so  m.UGh  used  as  an  oil  paint  {i.e. 
with  boiled  oil).  The  capacity  of  copper  for  absorbing  oxygen  in  the  presence  of  acids 
is  so  great  that  it  is  possible  by  this  means  (by  taking,  for  example,  thin  copper  shavings 
moistened  with  sulphuric  acid)  to  take  up  all  the  oxygen  from  a  given  volume  of  an-,  and 
this  is  even  employed  for  the  analysis  of  air. 

The  combination  of  copper  with  oxygen  is  not  only  aided  by  acids  but  also  by  alkalis, 
although  cupric  oxide  does  not  appear  to  have  an  acid  character.  Alkalis  do  not  act  on 
copper  except  in  the  presence  of  air,  when  they  produce  cupric  oxide,  which  does  not 
appear  to  combine  with  such  alkalis  as  caustic  potash  or  soda.  But  the  action  of 
ammonia  is  particularly  distinct  (Chapter  V.,  X(»te  '2).  In  the  action  of  a  solution  of 
ammonia  not  only  is  oxygen  absorbed  by  the  copper,  but  it  also  acts  on  the  ammonia, 
and  a  definite  quantity  of  ammonia  is  always  acted  on  simultaneously  mth  the  passage 
of  the  copper  into  solution.  The  ammonia  is  then  converted  into  nitrous  acid,  according 
to  the  reaction  :  NH3  +  05  =  NHO.>  +  H.,0,  and  the  nitrous  acid  thus  formed  passes  into  the 
state  of  ammonium  nitrite,  iSrH4N0_..  In  this  manner  three  equivalents  of  oxygen  are 
expended  on  the  oxidation  of  the  ammonia,  and  six  equivalents  of  oxygen  pass  over  to 
the  copper,  forming  six  atoms  of  cupric  oxide.  The  latter  does  not  remain  in  the  state 
of  oxide,  but  combines  with  the  ammonia. 

A  strong  solution  of  common  salt  does  not  act  on  copper,  but  a  dilute  solution  of  the 
salt  corrodes  copper,  converting  it  into  oxycliloride — that  is,  in  the  presence  of  air. 
This  action  of  salt  water  is  evident  in  those  cases  where  the  bottoms  of  ships  are  coated 
with  sheet  copper.  From  what  has  been  said  above  it  will  be  evident  that  copper  vessels 
should  not  be  employed  in  the  preparation  of  food,  because  this  contains  salts  and  acids 
which  act  on  copper  in  the  presence  of  air,  and  give  copper  salts,  which  are  poisonous, 
and  therefore  the  food  prepared  in  untinned  copper  vessels  may  be  poisonous.  Hence 
tinned  vessels  are  employed  for  this  purpose — that  is,  copper  vessels  coated  with  a  thin 
layer  of  tin,  on  which  acid  and  saline  solutions  do  not  act. 


COPPER,   SILVER,   AND   GOLD  405 

gage  hydrogen  from  it  either  at  the  ordinary  or  at  high  temperatui'es. 
Nor  does  copper  liberate  hydrogen  from  the  oxygen  acids  ;  these  act  on 
it  in  two  ways  :  they  either  give  up  a  portion  of  their  oxygen,  form- 
ing lower  grades  of  oxidation,  or  else  only  react  in  the  presence  of 
air.  Thus,  when  nitric  acid  acts  on  copper  it  evolves  nitric  oxide,  the 
copper  being  oxidised  at  the  expense  of  the  nitric  acid.  In  the  same 
way  copper  converts  sulphuric  acid  into  the  lower  grade  of  oxidation — 
into  sulphurous  anhydride,  SOg.  In  these  cases  the  copper  is  oxidised 
to  copper  oxide,  which  combines  with  the  excess  of  acid  taken,  and 
therefore  forms  a  cupric  salt,  CuXj.  Dilute  nitric  acid  does  not  act 
on  copper  at  the  ordinary  temperature,  but  when  heated  it  reacts 
with  great  ease  ;  dilute  sulphuric  acid  does  not  act  on  copper  except 
in  presence  of  air. 

Both  the  oxides  of  copper,  CujO  and  CuO,  are  unacted  on  by 
air,  and,  as  already  mentioned,  they  both  occur  in  nature.*  i"'^  How- 
ever, in  the  majority  of  cases  copper  is  obtained  in  the  form  oi' 
cupric  oxide  and  its  salts — and  the  copper  compounds  used  indus- 
trially generally  belong  to  this  type.  This  is  due  to  the  fact  that  the 
mprous  compounds  absorb  oxygen  from  the  air  and  pass  into  cupric 
compounds.  The  cupric  compounds  may  serve  as  the  source  for  the 
preparation  of  cuprous  oxide,  because  many  reducing  agents  are 
capable  of  deoxidising  the  oxide  into  the  suboxide.  Organic  sub- 
stances are  most  generally  employed  for  this  purpose,  and  especially 
saccharine  substances,  which  are  able,  in  the  presence  of  alkalis,  to 
undergo  oxidation  at  the  expense  of  the  oxygen  of  the  cupric  oxide, 
and  to  give  acids  which  combine  with  the  alkali  :  2CuO  —  O  :=  CujO. 
In  this  case  the  deoxidation  of  the  copper  may  be  carried  further  and 
metallic  copper  obtained,  if  only  the  leaction  be  aided  by  heat  Thus, 
for  example,  a  tine  powder  of  metallic  copper  may  be  obtained  by  heat- 
ing an  ammoniacal  solution  of  cupric  oxide  with  caustic  potaslji 
and  grape  sugar.  But  if  the  reducing  action  of  the  saccharine 
substance  proceed  in  the  presence  of  a  sufBoient  quantity  of  alkali  in 

*  '''"  Copper,  besides  the  cuprous  oxide,  Cu^O,  and  cupric  oxide,  CuO,  gives  two  known 
higher  forms  of  oxidation,  but  they  have  scarcely  been  investigated,  and  even  their 
composition  is  not  well  known.  Copper  dioxide  (CaOo,  or  CuO^,H,,0,  perhaps  CuOH.,0..,) 
is  obtained  by  the  action  of  hydrogen  peroxide  on  cupric  hydroxide,  when  the  green 
colour  of  the  latter  is  changed  to  yellow.  It  is  very  unstable,  and  is  decomposed  even 
by  boiling  water,  with  the  evolution  of  oxygen,  whilst  the  action  of  acids  gives  cupric 
salts,  oxygen  being  also  disengaged.  A  still  higher  coppei- peroxide  is  formed  by  heating 
a  mixture  of  caustic  potash,  nitre,  and  metallic  copper  to  a  red  heat,  and  by  dissolving 
cupric  hydroxide  in  solutions  of  the  hypoclilorites  of  the  alkali  metals.  A  slight  heating 
of  the  soluble  salt  formed  is  enough  for  it  to  be  decomposed  into  oxygen  and  copper 
dioxide,  which  is  precipitated.  Judging  from  Fremy's  researches,  the  composition  of  the 
copper-potassic  compound  should  be  K^CuOj.  Perhaps  this  is  a  compound  of  the 
peroxides  of  potassium,  K^O.,,  and  of  copper,  CuOo. 
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solution,  and  at  not  too  high  a  temperature,  cuprous  oxide  is  ob- 
tained. To  see  this  reaction  clearly,  it  is  not  sufficient  to  take  any 
cupric  salt,  because  the  alkali  necessary  for  tlie  reaction  might  pre- 
cipitate cupric  oxide — it  is  necessary  to  add  previously  some  substance 
which  will  prevent  this  precipitation.  Among  such  substances, 
tartaric  acid,  CjEgOg,.  is  one  of  the  best.  In  the  presence  of  a  suffi- 
cient quantity  of  tartaric  acid,  any  amount  of  alkali  may  be  added  to  a 
solution  of  cupric  salt  without  producing  a  precipitate,  because  a  soluble 
double  salt  of  cupric  oxide  and  alkali  is  then  formed.  If  glucose  (for 
instance,  honey  or  molasses)  be  added  to  such  an  alkaline  tartainc 
solution,  and  the  temperature  be  slightly  raised,  it  first  gives  a  yellow- 
precipitate  (this  is  cuprous  hydroxide,  OuHO),  and  then,  on  boiling, 
a  red  precipitate  of  (anhydrous)  cuprous  oxide.  If  such  a  mixture 
be  left  for  a  long  time  at  the  ordinary  temperature,  it  deposits  well- 
formed  crystals  of  anhydrous  cuprous  oxide  belonging  to  the  regular 
system.'^ 

"  Colourless  solutions  of  cuprous  salts  may  also  be  obtaiued  by  tbe  actiou  of  sul- 
pliurous  orphospborousacid  and  similar  lower  grades  of  oxidation  on  the  blue  solutions  of 
the  cupric  salts.  This  is  very  clearly  and  easily  effected  by  means  of  sodium  thio- 
sulphate,  Na  .S.^O-,  which  is  oxidised  in  the  process.  Cuprous  oxide  can  not  only  be 
obtained  by  the  deoxidation  of  cupric  oxide,  but  also  directly  from  metallic  copper  itself, 
because  the  latter,  in  oxidising  at  a  red  heat  in  air,  first  gives  cui)rous  oxide.  It  is  pre- 
pared in  this  manner  on  a  large  scale  by  heating  sheet  copper  rolled  into  spirals  in 
reverberatory  furnaces.  Care  must  be  taken  that  the  air  is  not  in  great  excess,  and  that 
the  coating  of  red  cuprous  oxide  formed  does  not  begin  to  pass  into  the  black  cupric  oxide, 
If  the  oxidised  spiral  sheet  is  then  uubent,  the  brittle  cuprous  oxide  falls  away  from 
the  soft  metal.  The  suboxide  obtained  in  this  manner  fuses  with  ease.  It  is  necessary 
to  prevent  the  access  of  air  during  the  fusion,  and  if  the  mass  contains  cupric  oxide  it 
must  be  mixed  ^\-ith  charcoal,  which  reduces  the  latter.  Cuprous  chloride,  CuCl,  con-e- 
sponding  with  cuprous  oxide  (as  sodium  chloride  corresponds  with  sodium  oxide),  when 
calcined  with  sodium  carbonate,  gives  sodium  chloride  and  cuprous  oxide,  carbonic 
anhydride  being  evolved,  because  it  does  not  combine  with  the  cuprous  oxide  under  these 
conditions.  The  reaction  can  be  expressed  by  the  following  equation :  aCuCl-t-Na-jCOg 
=  CuoO  +  ^NaCl  +  COo.  The  cupric  oxide  itself,  when  calcined  with  finely-divided  copper 
this  copper  powder  may  be  obtained  by  many  methods — for  instance,  by  immersing  zinc 
in  a  solution  of  a  copper  salt,  or  by  igniting  cupric  oxide  in  hydrogen),  gives  the  fusible 
cuprous  oxide:  Cu-l-CuO  =  Cu;iO.  Both  the  native  and  artificial  cuprous  oxide  have  a 
sp.  gr.  of  5"(».  It  is  insoluble  in  water,  and  is  not  acted  on  by  (dry)  air.  When  heated 
with  acids  the  suboxide  forms  a  solution  of  a  cupric  salt  and  metallic  copper — for  example, 
CU.2O  +  H.)S04  =  Cu  +  CUSO4  +  H.,0.  However,  strong  hydrochloric  acid  does  not  separate 
metallic  copper  on  dissolving  cuprous  oxide,  which  is  due  to  the  fact  that  the  cuprous 
chloride  formed  is  soluble  in  strong  hydrochloric  acid.  Cuprous  oxide  also  dissolves  in 
a  solution  of  ammonia,  and  in  the  absence  of  air  gives  a  colourless  solution,  which  turns 
blue  in  the  air,  absorbing  oxygen,  owing  to  the  conversion  of  the  cuprous  oxide  into 
cupric  oxide.  The  blue  solution  thus  formed  may  be  again  reconverted  into  a  colourless 
cuprous  solution  by  immersing  a  copper  strip  in  it,  because  the  metallic  copper  then 
deoxidises  the  cupric  oxide  in  the  solution  into  cuprous  oxide.  Cuprous  oxide  is  charac- 
terised by  the  fact  that  it  gives  red  glasses  when  fused  with  glass  or  with  salts  forming 
^'itreous  alloys.  Glass  tinted  with  cuprous  oxide  is  used  for  ornaments.  The  access  of 
air  m,ust  be  avoided  during  its  preparation,  because  the  colour  then  becomes  green,  owing 
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Cupric  chloride,  CuCl2,  when  ignited,  gives  cuprous  chloride,  CuCl 
— i.e.  the  salt  corresponding  with  suboxide  of  copper — and  therefore 
cuprous  chloride  is  always  formed  when  copper  enters  into  reaction 
with  chlorine  at  a  high  temperature.  Thus,  for  example,  when  copper 
is  calcined  with  mercuric  chloride,  it  foi'ras  cuprous  chloride  and  vapours 
of  mercury.  The  same  substance  is  obtained  on  heating  metallic 
copper  in  hydrochloric  acid,  hydrogen  being  disengaged  ;  but  this  reac- 
tion only  proceeds  with  finely-divided  copper,  as  hydrochloric  acid  acts 
very  feebly  on  compact  masses  of  copper,  and,  in  the  presence  of  air, 
gives  cupric  chloride.  The  green  solution  .of  cupric  chloride  is  decolo- 
rised by  metallic  copper,  cuprous  chloride  being  formed  ;  but  this 
reaction  is  only  accomplished  with  ease  when  the  solution  is  very  con- 
centrated and  in  the  presence  of  an  excess  of  hydrochloric  acid  to 
dissolve  the  cuprous  chloride.  The  addition  of  water  to  the  solu- 
tion precipitates  the  cuprous  chloride,  because  it  is  less  soluble  in 
dilute  than  in  strong  hydrochloric  acid.  Many  reducing  agents  which 
are  able  to  take  up  half  the  oxygen  from  cupric  oxide  are  able,  in  the 
presence  of  hydrochloric  acid,  to  form  cuprous  chloride.  Stannous 
salts,  sulphurous  anhydride,  alkali  sulphites,  phosphorous  and  hypo- 
phosphorous  acids,  and  many  similar  reducing  agents,  act  in  this 
manner.  The  usual  method  of  preparing  cuprous  chloride  consists  in 
passing  sulphurous  anhydride  into  a  very  strong  solution  of  cupric 
chloride  :  2CuCl2  +  SO^  +  2H.,0  =  2CuCl  +  2HC1  +  H^SO^.  Cuprous 
cliloride  forms  colourless  cubic  crystals  which  are  insoluble  in  water. 
It  is  easily  fusible,  and  even  volatile.  Under  the  action  of  oxidising 
agents,  it  passes  into  the  cupric  salt,  and  it  absorbs  oxygen  from  moist 
air,  forming  cupric  oxychloride,  CujCl.jO.  Aqueous  ammonia  easily 
dissolves  cuprous  chloride  as  well  as  cuprous  oxide  ;  the  solution  also 
turns  blue  on  exposure  to  the  air.  Thus  an  ammoniacal  solution  of 
cuprous  chloride  serves  as  an  excellent  absorbent  for  oxygen  ;  but  this 
solution  absorbs  not  only  oxygen,  but  also  certain  other  gases — for 
example,  carbonic  oxide  and  acetylene.^ 

to  the  formation  of  cupric  oxide,  which  colours  glass  blue.  This  may  eyen  be  taten 
advantage  of  in  testing  for  copper  under  the  blow-pipe  by  heating  the  copper  compound 
with  borax  in  the  flame  of  a  blow-pipe ;  a  red  glass  is  obtained  in  the  reducing  flame, 
and  a  blue  glass  in  the  oxidising  flame,  owing  to  the  conversion  of  the  cuprous  into  cupric 
oxide. 

Etard  (1882),  by  passing  sulphurous  anhydride  into  a  solution  of  cupric  acetate,  ob- 
tained a  white  precipitate  of  cuprous  sulphite,  CuaSOs.HjO,  whilst  he  obtained  the  same 
salt,  of  fi  red  colour,  from  the  double  salt  of  sodium  and  copper ;  but  there  are  not  any 
convincing  proofs  of  isomerism  in  this  case. 

8  The  solubility  of  cuprous  chloride  in  ammonia  is  due  to  the  formation  of  compounds 
between  the  ammonia  and  the  chloride.  In  a  warm  solution  the  compound  NHjjSCuCl 
is  formed,  and  at  the  ordmary  temperature  GuCl.NHs.  This  salt  is  soluble  in  hydro- 
chloric acid,  and  then  forms  a  corresponding  double  salt  of  cuprous  chloride  and  ammo- 
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When  copper  is  oxidised  with  a  considerable  quantity  of  oxygen  at 
a  high  temperature,  or  at  the  ordinary  temperature  in  the  presence  of 
acids,  and  also  when  it  decomposes  acids,  converting  them  into  lower 
grades  of  oxidation  (for  example,  when  submitted  to  the  action  of 
nitric  and  sulphuric  acids),  it  forms  cnpric  oxide,  CuO,  or,  in  the 
presence  of  acids,  cupric  salts.  Copper  rust,  or  that  black  mass  which 
forms  on  the  surface  of  copper  when  it  is  calcined,  consists  of  cupric 
oxide.  The  coating  of  the  oxidised  copper  is  very  easily  separated 
from  the  metallic  copper,  because  it  is  brittle  and  very  easily  peels  off, 
when  it  is  struck  or   immersed   in   water.     Many    copper   salts  (for 

iiiuiXL  cliloride.  By  the  action  of  a  certain  excess  of  ammonia  on  a  liydrocliloric  acid 
solution  of  cuprous  chloride,  very  well  formed  crystals,  having  the  composition 
CuCljNHs.HaO,  are  obtained.  Cuprous  chloride  is  not  only  soluble  in  ammonia  and 
hydrochloric  acid,  but  it  also  dissolves  in  solutions  of  certain  other  salts — for  example, 
in  sodium  chloride,  potassium  chloride,  sodium  thiosulphate,  and  certain  others.  All 
the  solutions  of  cuprous  chloride  act  in  many  cases  as  very  powerful  deoxidising 
substances;  for  example,  it  is  easy,  by  means  of  these  solutions,  to  precipitate 
gold  from  its  solutions  in  a  metallic  form,  according  to  the  equation  AuCl-  +  SCuCl 
=  Au  +  3CuCU 

Among  the  other  compounds  corresponding  with  cuprous  oxide,  cuprous  iodide,  Cul, 
is  worthy  of  remark.  It  is  a  colourless  substance  which  is  insoluble  in  water  and 
sparingly  soluble  in  ammonia  (like  silver  iodide),  but  capable  of  absorbing  it,  and  in  this 
respect  it  resembles  cuprous  chloride.  It  is  remarkable  from  the  fact  that  it  is  exceed- 
ingly easily  formed  from  the  corresponding  cupric  compound  Culo.  A  solution  of  cupric 
iodide  easily  decomposes  into  iodine  and  cuprous  iodide,  even  at  the  ordinary  tempera- 
ture, whilst  cupric  chloride  only  suffers  a  similar  change  on  ignition.  If  a  solution  of  a 
cupric  salt  be  mixed  with  a  solution  of  potassium  iodide  the  cupric  iodide  formed  imme- 
diately decomposes  into  free  iodine  and  cuprous  iodide,  which  separates  out  as  a  precipi- 
tate. In  this  case  the  cupric  salt  acts  in  an  oxidising  manner,  like,  for  example,  nitrous 
acid,  ozone,  and  other  substances  which  liberate  iodine  from  iodides,  but  with  this  difEer- 
ence,  that  it  only  liberates  half,  whilst  they  set  free  the  whole  of  the  iodine  from  potas- 
sium iodide  :  2KI  +  CuCl.  =  2KC1  +  Cul  + 1. 

It  must  also  be  remarked  that  cuprous  oxide,  when  treated  with  hydrofluoric  acid, 
gives  an  insoluble  cuprous  fluoride,  CuF.  Cuprous  cyanide  is  also  insoluble  in  water, 
and  is  obtained  by  the  addition  of  hydrocyanic  acid  to  a  solution  of  cupric  cliloride 
saturated  with  sulphurous  anhydride.  This  cuprous  cyanide,  like  silver  cyanide,  gives 
a  double  soluble  salt  with  potassium  cyanide.  The  double  cyanide  of  copper  and 
potassium  is  tolerably  stable  in  the  air,  and  enters  into  double  decompositions  with 
various  other  salts,  like  those  double  cyanides  of  iron  with  which  we  ate  already 
acquainted. 

Copper  hydride,  CuH,  also  belongs  to  the  number  of  the  cuprous  compounds.  It 
was  obtained  by  Wlirtz  by  mixing  a  hot  (70°)  solution  of  cupric  sulphate  with  a  soUition 
■of  hypophosphorous  acid,  H-PO.^.  The  addition  of  the  reducing  hypophosphorous  acid 
must  be  stopped  when  a  brown  precipitate  makes  its  appearance,  and  when  gas  begins 
to  be  evolved.  The  brown  precipitate  is  the  hydrated  cuprous  hydride.  When  gently 
heated  it  disengages  hydrogen  ;  it  gives  cuprous  oxide  when  exposed  to  the  air,  burns 
in  a  stream  of  chlorine,  and  liberates  hydrogen  with  hydrochloric  acid:  CuH-|-HCl 
=  CuCl  +  H2.  Zinc,  silver,  mercury,  lead,  and  many  other  heavy  metals  do  not  form 
such  a  compound  with  hydrogen,  neither  under  these  circumstances  nor  under  the  action 
of  hydrogen  at  the  moment  of  the  decomposition  of  salts  by  a  galvanic  current.  The 
greatest  resenibance  is  seen  between  cuprous  hydride  and  the  hydrogen  compounds  of 
potassium,  sodium,  Pd,  Ca,  and  Ba. 
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instauce,  the  nitrite  and  carbonate)  leave  oxide  of  copper  ^  ^^'^  in  the 
form  of  friable  black  powder,  after  being  ignited.  If  the  ignition  be 
carried  further,  Cu^O  may  be  formed  from  the  CuO.*^  ^"  Anhydrous 
cupric  oxide  is  very  easily  dissolved  in  acids,  forming  cupric  salts,  CuXg. 
They  are  analogous  to  the  salts  MgX.^,  ZnX^,  XiXg,  FeX^,  in  many 
respects.  On  adding  potassium  or  ammonium  hydroxide  to  a  solution 
of  a  cupric  salt,  it  forms  a  gelatinous  blue  precipitate  of  the  hydrated 
oxide  of  copper,  CUH2O25  insoluble  in  water.  The  resultant  precipitate 
is  redissolved  hy  an  excess  of  anwionia,  and  gives  a  very  beautiful 
azure  blue  solution,  of  so  intense  a  colour  that  the  presence  of  small 
traces  of  cupric  salts  may  be  discovered  by  this  means.^     An  excess  of 

^  ^^^  The  oxide  of  copper  obtained  by  igniting  the  nitrate  is  frequently  used  for 
organic  analyses.  It  is  hygroscopic  and  retains  nitrogen  (1"5  c.c.  per  gram)  when  the 
nitrate  is  heated  in  vacuo  (Richards  and  Rogers,  1893). 

8  *'■'  Oxide  of  copper  is  also  capable  of  dissociating  when  heated.  Debray  and 
Joannis  showed  that  it  then  disengages  oxygen,  whose  maximum  tension  is  constant 
for  a  given  temperature,  providing  that  fusion  does  not  take  place  (the  CuO  then 
dissolves  in  the  molten  CU2O) ;  that  this  loss  of  oxygen  is  followed  by  the  formation  of 
suboxide,  and  that  on  cooling,  the  oxygen  is  again  absorbed,  form^ing  CuO. 

9  Cupric  oxide  and  many  of  its  salts  are  able  to  give  definite,  although  unstable, 
compounds  with  ammonia.  This  faculty  already  shows  itself  in  the  fact  that  cupric 
oxide,  as  well  as  the  salts  of  copper,  dissolves  in  aqueous  ammonia,  and  also  in  the  fact 
that  salts  of  copper  absorb  ammonia  gas.  If  ammonia  be  added  to  a  solution  of  any 
cupric  salt,  it  first  forms  a  precipitate  of  cupric  hydroxide,  which  then  dissolves  in  an 
excess  of  ammonia.  The  solution  thus  formed,  "when  evaporated  or  on  the  addition  of 
alcohol,  frequently  deposits  crystals  of  salts  containing  both  the  elements  of  the  salt  of 
copper  taken  and  of  ammonia.  Several  such  compounds  are  generally  formed.  Thus 
cupric  chloride,  CuCl^,  according  to  Deherain,  forms  four  compounds  with  ammonia — 
namely,  with  one,  two,  four,  and  six  molecules  of  ammonia.  Thus,  for  example, 
if  ammonia  gas  be  passed  into  a  boiling  saturated  solution  of  cupric  chloride,  on 
coohng,  small  octahedral  crystals  of  a  blue  colour  separate  out,  containing 
CuC1.2,2NH-,H.jO.  At  150°  this  substance  loses  half  the  ammonia  and  all  the  water 
contained  in  it,  leaving  the  compound  CuCl.j,NH-.  Nitrate  of  copper  forms  the  com- 
pound Cu(N05).2,2NH3.  This  compound  remains  unchanged  on  evaporation.  Dry 
cupric  sulphate  absorbs  ammonia  gas,  and  gives  a  compound  containing  five  molecules  of 
ammonia  to  one  of  sulphate  (Vol.  I.,  p.  257,  and  Chapter  XXII. ,  Note  35).  If  this  com- 
pound is  dissolved  in  aqueous  ammonia,  on  evaporation  it  deposits  a  crystalline  substance 
containing  CuS04,4NH5,H20.  At  150°  this  substance  loses  the  molecule  of  water  and 
one-fourth  of  its  ammonia.  On  ignition  all  these  compounds  i^art  with  the  remaining 
ammonia  in  the  form  of  an  ammoniacal  salt,  so  that  the  residue  consists  of  cupric  oxide. 
Both  the  hydrated  and  anhydrous  cupric  oxide  are  soluble  in  aqueous  ammonia. 

The  solution  obtained  by  the  action  of  aqueous  ammonia  and  air  on  copper  turnings 
(Note  6)  is  remarkable  for  its  faculty  of  dissolving  cellulose^  which  is  insoluble  in  water, 
dilute  acids,  and  alkalis.  Paper  soaked  in  such  a  solution  acquires  the  property  of  not 
rotting,  of  being  difficultly  combustible,  and  waterproof,  &c.  It  has  therefore  been 
applied,  especially  in  England,  to  many  practical  purposes — for  example,  to  the  con- 
struction of  temporary  buildings,  for  covering  roofs,  etc.  The  composition  of  the 
substance  held  in  solution  is  Cu(HO)o,4NHr,. 

If  dry  ammonia  gas  be  passed  over  cupric  oxide  heated  to  265°,  a  portion  of  the  oxide 
of  copper  remains  unaltered,  whilst  the  other  portion  gives  copper  nitride,  the  oxygen  of 
the  copper  oxide  combining  with  the  hydrogen  and  forming  water.  The  oxide  of  copper 
which  remains  unchanged  is  easily  removed  by  washing  the  resultant   product  with 
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potassium  or  sodium  hydroxide  does  not  dissolve  cupric  hydroxide. 
A  hot  solution  gives  a  black  precipitate  of  the  anhydrous  oxide 
instead  of  the  blue  precipitate,  and  the  precipitate  of  the  hydroxide 
of  copper  becomes  granular,  and  turns  black  when  the  solution 
is  heated.  This  is  due  to  the  fact  that  the  blue  hydroxide  is 
exceedingly  unstable,  and  when  slightly  heated  it  loses  the  elements 
of  water  and  gives  the  black  anhydrous  cupric  oxide  :  CuHjOj 
=  CuO  +  HjO. 

Cupric  oxide  fuses  at  a  strong  heat,  and  on  cooling  forms  a  heavy 
crystalline  mass,  which  is  black,  opaque,  and  somewhat  tenacious.  It 
is  a  feebly  energetic  base,  so  that  not  only  do  the  oxides  of  the  metals 
of  the  alkalis  and  alkaline  earths  displace  it  from  its  compounds,  but 
even  such  oxides  as  those  of  lead  and  silver  precipitate  it  from  solutions, 
which  is  partially  due  to  these  oxides  beingsoluble,  although  butslightly 
so,  in  water.  However,  cupric  oxide,  and  especially  the  hydroxide, 
easily  combines  with  even  the  least  energetic  acids,  and  does  not  give 
any  compounds  with  bases  ;  but,  on  the  other  hand,  it  easily  forms 
basic  salts,  ^  ''"  and  in  this  respect  outstrips  magnesium  and  recalls  the 

aqueous  ammonia.  Copper  nitride  is  very  stable,  and  is  insoluble ;  it  has  the  composi- 
tion Cu-N  {i.e.  the  copper  is  monatomic  here  as  in  Cu^O),  and  is  an  amorphous  greeu 
powder,  which  is  decomposed  when  strongly  ignited,  and  gives  cuprous  chloride  and 
ammonium  chloride  when  treated  with  hydrocliloric  acid.  Like  the  other  nitrides,  copper 
nitride,  Cu^N,  has  scarcely  been  investigated.  Granger  (1892),  by  heating  copper  in  the 
vapour  of  phosphorus,  obtained  hexagonal  prisms  of  CujP,  which  passed  into  CugP 
(previously  obtained  by  Abel)  when  heated  in  nitrogen.  Arsenic  is  easily  absorbed  by 
copper,  and  its  presence  (like  P),  even  in  small  quantities,  has  a  great  influence  upon 
the  properties  of  copper — for  instance,  pure  copper  wire  1  sq.  mm.  in  section  breaks 
under  a  load  of  35  kilos,  while  the  presence  of  0*22  p.c.  of  arsenic  raises  the  breaking 
load  to  i2  kilos. 

^^'s  As  a  comparatively  feeble  base,  oxide  of  copper  easily  forms  both  basic  and 
double  salts.  As  an  instance  we  may  mention  the  double  salts  composed  of  the 
dichloride  CuCl.^iSHoO  and  potassium  chloride.  The  double  salt  CuK2Cl,i,2H20 
crystallises  from  solutions  in  blue  plates,  but  when  heated  alone  or  with  substances 
taking  up  water  easily  gives  brown,  needles  CuKClg  and  at  the  same  time  KCl,  and  this 
reaction  is  reversible  at  92 '  as  Meyerhoifer  (1889)  showed  {i.e.  above  92°  the  simpler 
double  salt  is  formed  and  below  92°  the  more  complex  salt).  With  an  excess  of  the 
copper  salt,  KCl  gives  another  double  salt,  Cu2KCl5,4H20,  thetransition  temperature  of 
which  is  55°.  The  instances  of  equilibria  which  are  encountered  in  such  complex 
relations  (see  Chapter  XIV.,  Note  25,  astrakhanite,  and  Chapter  XXII.,  Note  23)  are 
embraced  by  the  law  of  pliases  given  by  Gibbs  (Transactions  of  the  Connecticut 
Academy  of  Sciences,  1875-1878,  in  J.  WiUard  Gibbs'  memoir  '  On  the  equihbrium  of 
heterogeneous  substances : '  and  in  a  clearer  and  more  accessible-  form  in  H.  W. 
Bakhuis  Eoozeboom's  papers,  Eec.  trav.  chim..  Vol.  VI.,  and  in  W.  Meyerhoffer's  memoir 
Die  Phasenregel  und  Hire  Anwendungen,  1893,  to  which  sources  we  refer  those  desiring 
fuller  information  respecting  this  law).  Gibbs  calls  '  bodies  '  substances  (simple  or  com- 
pound) capable  of  forming  homogeneous  complexes  (for  instance,  solutions  or  inter- 
combinations)  of  a  varied  composition ;  a>phase — a  mechanically  separable  portion  of  such 
bodies  or  of  their  homogeneous  complexes  (for  instance,  a  vapour,  liquid  or  precipitated 
solid),  2'erfect  equilibrium — such   a  state    of    bodies  and  of    their  complexes   as   is 
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oxides  of  lead  or  mercury.  Hence  the  hydroxide  of  copper  dissolves  ia 
soiutions  of  neutral  cupric  salts.  The  cupric  salts  are  generally  blue  or 
green,  because  cupric  hydroxide  itself  is  coloured.  But  some  of  the 
salts  in  the  anhydrous  state  are  colourless.  ^'^ 

characterised  by  a  constant  pressure  at  a  constant  temperature  even  under  a  change  in 
the  amount  of  one  of  the  component  parts  (for  instance,  of  a  salt  in  a  saturated  solution)^ 
while  an  imperfect  cqniJihriKm  is  such  a  one  for  which  such  a  change  corresponds  with 
a  change  of  pressure  (for  instance,  an  unsaturated  solution).  The  law  of  phases  consists 
in  the  fact  that  :  n  bodies  only  give  a -perfect  eqiiUihrlum  when  n+1 2>liases participate 
ill  that  equilibrium — for  example,  in  the  equilibrium  of  a  salt  in  its  saturated  solution 
in  water  there  are  two  bodies  (the  salt  and  water)  and  three  phases,  namely,  the  salt, 
solution,  and  vapour,  which  can  be  mechanically  separated  from  each  other,  and  to  this 
equilibrium  there  corresponds  a  definite  tension.  At  the  same  time,  n  bodies  may 
occur  inn+  %  phases,  but  only  at  one  definite  temperature  ajid  one  pressure  ;  a  change 
of  one  of  these  may  bring  about  another  state  (perfect  or  not — equilibrium  stable  or 
unstable).  Thus  water  when  liquid  at  the  ordinary  temperature  offers  two  phases 
(liquid  and  vapour)  and  is  in  perfect  equilibrium  (as  also  is  ice  below  0°),  but  water,  ice, 
and  vapour  (three  phases  and  only  one  body)  can  only  be  in  equilibrium  at  0",  and  at  the 
ordinary  pressure ;  with  a  change  of  t  there  will  remain  either  only  ice  and  vapour  or 
only  liquid  water  and  vapour ;  whilst  with  a  rise  of  pressure  not  only  will  the  vapour 
pass  into  the  liquid  (there  again  only  remain  two  phases)  but  also  the  tem^^erature  of 
the  formation  of  ice  will  fall  (by  about  1°  per  1000  atmospheres).  The  same  laws  of 
phases  are  applicable  to  the  consideration  of  the  formation  of  simple  or  double  salts 
from  saturated  solutions  and  to  a  number  of  other  purely  chemical  relations.  Thus,  for 
example,  in  the  above-mentioned  instance,  when  the  bodies  are  KCl,  CuCl2,  and  H2O, 
perfect  equilibrium  (which  here  has  reference  to  the  solubility)  consisting  of  four  phases, 
corresponds  to  the  following  seven  cases,  considering  only  the  x^hases  (above  0°) 
A  =  CuCl.,,2ECl,2H20 ;  B  =  CuClaKCl ;  C  =  CuCl2,2HoO,KCl,  solution  and  vapour : 
(1)  A  +  B -f- solution  +  vapour  ;  (2)  A -h  C  +  solution  +  vapour ;  (3)  A  +  KCl  +  solution 
-l-vapour;  (4)  A  +  B  +  C -I- vapour  (it  follows  that  B  +  KCl  +  solution  gives  A);  (5) 
A -f-C-i- KCl  +  vapour;  (6)  B  +  C  +  solution -h  vapour  ;  and  (7)  B -[- KCl  +  solution  +  vapour. 
Thus  above  92°  A  gives  B  +  KCl.  The  law  of  phases  by  bringing  complex  instances  of 
chemical  reaction  under  simple  physical  schemes,  facilitates  their  study  in  detail  and 
gives  the  means  of  seeking  the  simplest  chemical  relations  dealing  %vith  solutions,  dis- 
sociation, double  decompositions  and  similar  cases,  and  therefore  deserves  consideration, 
but  a  detailed  exposition  of  this  subject  must  be  looked  for  in  works  on  physical 
chemistry. 

^^  The  normal  cw^r;c  ?;?'^raie,  CuN^OiijSH.jO,  is  obtained  as  a  deliquescent  salt  of  a  blue 
colour  (soluble  in  water  and  in  alcohol)  by  dissolving  copper  or  cupric  oxide  in  nitric  acid. 
It  is  so  easily  decomposed  by  the  action  of  heat  that  it  is  impossible  to  drive  off  the  water 
of  crystallisation  from  it  before  it  begins  to  decompose.  During  the  ignition  of  the  normal 
salt  the  cupric  oxide  formed  enters  into  combination  with  the  remaining  undecomposed 
normal  salt,  and  gives  a  basic  salt,  CuN206,2CuH20.j.  The  same  basic  salt  is  obtained 
if  a  certain  quantity  of  alkali  or  cnpric  hydroxide  or  carbonate  be  added  to  the  solution 
of  the  normal  salt,  which  is  even  decomposed  when  boiled  with  metallic  copper,  and  forms 
the  basic  salt  as  a  green  powder,  which  easily  decomposes  under  the  action  of  heat  and 
leaves  a  residue  of  cupric  oxide.  The  basic  salt,  having  the  composition  CuNoOtijSCuHaOo, 
is  nearly  insoluble  in  water. 

The  normal  carbonate  of  copper,  CuCOj,  occurs  in  nature,  although  extremely  rarely. 
If  solutions  of  cupric  salts  be  mixed  with  solutions  of  alkali  carbonates,  then,  as  in  the 
case  of  magnesium,  carbonic  anhydride  is  evolved  and  basic  salts  are  formed,  which  vary 
in  composition  according  to  the  temperature  and  conditions  of  the  reaction.  By  mixing 
cold  solutions,  a  voluminous  blue  precipitate  is  formed,  containing  an  equivalent  pro- 
portion of  -cupric  hydroxide  and  carbonate  (after  standing  or  heating,  its  composition 
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The  commonest  normal  salt  is  bhie  vitriol — i.e.  the  normal  cupric 
sulphate.  It  generally  contains  five  molecules  of  water  of  crystallisa- 
tion, CuS04,5Il2( ).  It  forms  the  product  of  the  action  of  strong  sul- 
phuric acid  on  copper,  sulphurous  anhydride  being  evolved.  The  same 
salt  is  obtained  in  practice  by  carefully  roasting  sulphuretted  ores  of 
copper,  and  also  by  the  action  of  water  holding  oxygen  in  solution  on 
them  :  CuS  -|-0,  =  CuSOj.  This  salt  forms  a  by-product,  obtained  in 
gold  refineries,  when  the  silver  is  precipitated  from  the  sulphuric  acid 
solution  by  means  of  copper.  It  is  also  obtained  by  pouring  dilute 
sulphuric  acid  over  sheet  copper  in  the  presence  of  air,  or  by  heating 
cupric  oxide  or  carbonate  in  sulphuric  acid.  The  crystals  of  this  salt 
belong  to  the  triclinic  system,  have  a  specific  gravity  of  2'19,  are  of  a 
beautiful  blue  colour,  and  give  a  solution  of  the  same  colour.  100 
parts  of  water  at  0°  dissolve  15,  at  25°  23,  and  at  100°  about  4.5  parts 
of  cupric  sulphate,  CuSOj.""''*     At  100°  this  salt  loses  a  portion  of  its 

is  the  same  as  malachite,  sp.  gr.  3'5I  :  '2CUSO4+ ■2Xa;C0.-,  +  H.,O  =  CuC05,CuHo0.j 
+  'iNa.iSO.i  +  COi.  If  the  resultant  blue  precipitate  be  lieated  in  the  liquid,  it  loses  water 
and  is  transformed  into  a  granular  green  mass  of  the  composition  Cu  .CO4 — i.e.  into  a 
compound  of  the  normal  salt  with  anhydrous  cupric  oxide.  This  salt  of  the  oxide  corre- 
sponds with  orthocarbonic  acid,  C(0H)4  =  CH|0i,  where  4H  is  replaced  by  2Cu.  On 
further  boiling  this  salt  loses  a  portion  of  the  carbonic  acid,  forming  black  cupric  oxide, 
so  unstable  is  the  compound  of  copper  with  carbonic  anhydride.  Another  basic  salt  which 
occurs  in  nafnie.  2CnCO-.CuH,0.2.  is  known  as  azurite,  or  blae  carbonate  of  copper;  it 
also  loses  carbonic  acid  when  boiled  with  water.  On  mixing  a  solution  of  cupric  sulphate 
with  sodium  sesquicarbonate  no  precipitate  is  at  first  obtained,  but  after  boiling  a  pre- 
cipitate is  formed  having  the  composition  of  malachite.  Debray  obtained  artificial 
azurite  by  heating  cupric  nitrate  witli  challc. 

10  bis  Although  sulphate  of  copi^er  usually  crystallises  with  yH.iO,  that  is,  differently 
to  the  sulphates  of  ^Ig.  Fe,  and  Mn,  it  is  nevertheless  perfectly  isomorphous  with  them, 
as  is  seen  not  only  in  the  fact  that  it  gives  isomorphous  mixtures  with  them,  containing 
a  similar  amount  of  water  of  crystallisation,  but  also  in  the  ease  with  which  it  forms, 
like  all  bases  analogous  to  MgO,  double  salts,  E.iCu(S0.|).,,6H.,0,  where  E  =  K,  Eb,  Cs, 
of  the  mouoclinic  system. 

Salts  of  this  kind,  like  CuCl,,3KCl,'2tt,0,PtK.,Cy4,  A'c,  present  a  composition 
CuX.j  if  the  representation  of  double  salts  given  in  Chapter  XXIII.,  Note  11,  be 
admitted,  because  they,  like  Cu(H0).„  contain  Cu(X.;K),,  where  X._>  =  S04,  i.e.  the 
residue  of  sulphm-ic  acid,  which  combines  with  H.,,  and  is  therefore  able  to  replace 
the  H2  by  Xj  or  O.  A  detailed  study  of  the  crystalline  forms  of  these  salts,  made  by 
Tutton  (1893)  (see  Chapter  XIII.,  Note  1),  showed:  (1)  that  'li  investigated  salts  of  the 
composition  E,M(S0j),6H,,0,  where  E  =  K,  Rb,  Cs,  and  3I  =  Mg,  Zn,  Cd,  Mn,  Fe,  Co,  Ni, 
Cu,  present  a  complete  crystallographic  resemblance;  ('2)  that  in  all  respects  the  Eb 
salts  present  a  transition  between  the  K  and  Cs  salts ;  (3)  that  the  Cs  salts  form 
ci-ystals  most  easily,  and  the  K  salts  the  most  difficultly,  and  that  for  the  K  salts  of  Cd 
and  Mn  it  was  even  impossible  to  obtain  well-formed  crystals  ;  (4)  tliat  notwithstanding 
tlie  closeness  of  their  angles,  the  general  appearance  (habit  1  of  the  potassium  compound 
differs  very  clearly  from  the  Cs  salts,  while  tlie  Rb  salts  present  a  distinct  transition  in 
this  respect ;  (5)  that  the  angle  of  the  inclination  of  one  of  the  axes  to  the  plane  of  the  two 
other  axes  showed  tjiat  in  the  K  salts  (angle  from  75°  to  75-  38')  the  inclination  is  least, 
in  the  Cs  salts  (from  72°  52'  to  73°  50')  greatest,  and  in  the  Rb  salts  (from  73°  57'  to 
74°  42')  intermediate  between  the  two  ;  the  replacement  of  Mg.  .  .  .  Cu  produces  but  a 
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water  of  crystallisation,  which  it  only  parts  with  entirely  at  a  high 
temperature  (220°)  and  then  gives  a  white  powder  of  the  anhydrous 
sulphate  ;  and  the  latter,  on  further  calcination,  loses  the  elements  of 
sulphuric  anhydride,  leaving  cupric  oxide,  like  all  the  cupric  salts.  The 
anhydrous  (colourless)  cupric  sulphate  is  sometimes  used  for  absorbing 
wa-ter  ;  it  turns  blue  in  the  process.  It  oflfers  the  advantage  that  it 
retains  both  hydrochloric  acid  and  water,  but  not  carbonic  anhydride." 
Cupric  sulphate  is  used  for  steeping  seed  corn  ;  this  is  said  to  prevent 
the  growth  of  certain  parasites  on  the  plants.  In  the  arts  a  consider- 
able quantity  of  cupric  sulphate  is  also  used  in  the  preparation  of  other 
copper  salts — for  instance,  of  certain  pigments  "  *''* — and  a  particularly 

very    small    change    in   this  angle ;    (6)    that  the   other    angles   and   the    ratio  of  the 
axes  of  the  crystals  exhibit  a  similar  variation ;  and  (7)  that  thus  the  variation  of  the 
form  is  chiefly  determined  by  the  atomic  weight  of  the  alkaline  metal.    As  an  example 
we  cite  the  magnitude  of  the  inclination  of  the  axes  of  EoM(S04)2,6H20. 
B,=  K  Rb    '  Cs 

M  =  Mg  75°  12'  7i°  1'  72°  5i' 

Zn  75°  12'  7i°  7'  72°  59' 

Cd  —  7-1°  7'  72°  49' 

Mn  —  73°  3'  72°  58' 

Fe  75°  28'  74°  10'  78°  8' 

Co  75°  5'  78°  59'  72°  52' 

m  75°  0'  78°  57'  72°  58' 

Cu  75°  82'  74°  42'  78°  50' 

This  shows  clearly  (within  the  limits  of  possible  error,  which  may  be  as  much  as 
30')  the  almost  perfect  identity  of  the  independent  crystalline  forms  notwithstanding  the 
difference  of  the  atomic  weights  of  the  diatomic  elements,  M  =  ]Mg         .  Cu. 

11  In  addition  to  what  has  been  said  {Chapter  I.,  Note  65,  and  Chapter  XXII., 
Note  35)  respecting  the  combination  of  CUSO4  with  water  and  ammonia,  we  may  add 
that  Lachinoff  (1893)  showed  that  CuS04,5H.;0  loses  4JH.,0  at  180°,  that  CuS04,5NH5 
also  loses  4fNH5  at  320°,  and  that  only  ^H^O  and  ^NHg  remain  in  combination  with 
the  CUSO4.  The  last  ^HoO  can  only  be  driven  off  by  heating  to  200°,  and  the  last 
^NHg  by  heating  to  360°.  Ammonia  displaces  water  from  CuSO.^,  511^0,  but  water 
cannot  displace  the  ammonia  from  CuS04,5NH5.  If  hydrochloric  acid  gas  be  passed 
over  CuS04,5H^O  at  the  ordinary  temperature,  it  first  forms  CuS04,5H20,3HCl,  and 
then  CuS04,2H.20,2HCl.  When  air  is  passed  over  the  latter  compound  it  passes  into 
CuSOiHjO  with  a  small  amount  of  HCl  (about  ^HCl).  At  100°  CuS04,5H._,0  in  a 
stream  of  hydrochloric  acid  gas  gives  CuS04,^II.20,2HCl,  and  then  CuS04,^H20HCl, 
■whilst  after  prolonged  heating  CUSO4  remains,  which  rapidly  passes  into  CuS04,5H20 
when  placed  imder  a  bell  jar  over  water.  Over  sulphuric  acid,  however,  CuS04,6H.20 
only  parts  with  3H2O,  and  if  CuS04,2H20  be  placed  over  water  it  again  forms 
CuS04,5II.20,  and  so  on. 

11  bis  Commercial  blue  vitriol  generally  contains  ferrous  sulphate.  The  salt  is  purified 
by  converting  the  ferrous  salt  into  a  feiTic  salt  by  heating  the  solution  with  chlorine  or 
nitric  acid.  The  solution  is  then  evaporated  to  dryness,  and  the  unchanged  cupric  sul- 
phate extracted  from  the  residue,  which  will  contain  the  larger  portion  of  the  ferric 
oxide.  The  remainder  will  be  separated  if  cupric  hydroxide  is  added  to  the  solution  and 
boiled ;  the  cupric  oxide,  CuO,  then  precipitates  the  ferric  oxide,  FeoOj,  just  as  it  is  itself 
precipitated  by  silver  oxide.  But  the  solution  will  contain  a  small  proportion  of  a  basic 
salt  of  copper,  and  therefore  sulphuric  acid  must  be  added  to  the  filtered  solution,  and  the 
salt  allowed  to  crystallise.  Acid  salts  are  not  formed,  and  cupric  sulphate  itself  has  an 
acid  reaction  on  litmus  paper. 
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large  quantity  is  used  in  the  gaJvanoplastic  proces.<:,  which  consists  in 
the  deposition  of  copper  from  a  solution  of  cupric  sulphate  by  the 
action  of  a  galvanic  current,  when  the  metallic  copper  is  deposited 
on  the  negative  pole  and  takes  the  shape  of  the  latter.  The  de- 
scription of  the  processes  of  galvanoplastic  art  introduced  by  Jacobi 
in  St.  Petersburg  forms  a  part  of  applied  physics,  and  will  not  be 
touched  on  here,  and  we  will  only  mention  that,  although  first  intro- 
duced for  small  articles,  it  is  now  used  for  such  articles  as  type  moulds 
[cUcJiSs),  for  maps,  prints,  ifec,  and  also  for  large  statues,  and  for  the 
deposition  of  iron,  zinc,  nickel,  gold,  silver,  ttc.  on  other  metals  and 
materials.  The  beginning  of  the  application  of  the  galvanic  current  to 
the  practical  extraction  of  metals  from  solutions  has  also  been  estab- 
lished, especially  since  the  dynamo-electric  machines  of  Gramme, 
Siemens,  and  others  have  rendered  it  possible  to  cheaply  convert  the 
mechanical  motion  of  tlie  steam  engine  into  an  electric  current.  It  is 
to  be  expected  that  ttie  application  of  the  electric  current,  which  has 
long  since  given  such  important  results  in  chemistry,  will,  in  the  near 
future,  play  an  important  part  in  technical  processes,  the  example  being 
shown  by  electric  lighting. 

The  alloys  of  copper  with  certain  metals,  and  especially  with  zinc 
and  tin,  are  easily  formed  by  directly  melting  the  metals  together. 
They  are  easily  cast  into  moulds,  forged,  and  worked  like  copper, 
whilst  they  are  much  more  durable  in  the  air,  and  are  therefore  fre- 
quently used  in  the  arts.  Even  the  ancients  used  exclusively  alloys 
of  copper,  and  not  pure  copper,  but  its  alloys  with  tin  or  different 
kinds  of  bronze  (Chapter  XVIIL,  Note  35).  The  alloys  of  copper  with 
zinc  are  called  hrass  or  '  yellow  metal.'  Brass  contains  about  32  p.c.  of 
zinc  ;  generally,  however,  it  does  not  contain  more  than  65  p.c.  of 
copper.  The  remainder  is  composed  of  lead  and  tin,  which  usually 
occur,  although  in  small  quantities,  in  brass.  Yellow  metal  contains 
about  40  p.c.  of  zinc.'^     The  addition  of  zinc  to  copper  changes  the 

1-  Among  thft  alloys  of  copper  resembling  brass,  ddta  metal,  invented  by  A.  Dick 
(London)  is  largely  used  (since  1883).  It  contains  55  p.c.  Cu,  and  41  p.c.  Zn,  the 
remaining  4  p.c.  being  composed  of  iron  (as  much  as  3^  p.c,  which  is  first  alloyed  with 
zinc),  or  of  cobalt,  and  manganese,  and  certain  other  metals.  The  sp.  gr.  of  delta  metal 
is  8*4.  It  melts  at  950°,  and  then  becomes  so  fluid  that  it  fills  up  all  the  cavities  in  a 
mould  and  forms  excellent  castings.  It  has  a  tensile  strength  of  70  kilos  per  sq.  mm. 
(gun  metal  about  20,  phosphor  bronze  about  30).  It  is  very  soft,  especially  when  heated 
to  600°,  but  after  forging  and  rolling  it  becomes  very  hard ;  it  is  more  difficultly  acted 
upon  by  air  and  water  than  other  kinds  of  brass,  and  preserves  its  golden  yellow  colour 
for  any  length  of  time,  especially  if  well  polished.  It  is  used  for  making  bearings,  screw 
propellers,  valves,  and  many  other  articles.  In  general  the  alloys  of  Cu  and  Zn  con- 
taining about  5  p.c.  by  weight  of  copper  were  for  a  long  time  almost  exclusively  made  in 
Sweden  and  England  (Bristol,  Birmingham).  These  alloys  for  the  most  part  are  cheaper, 
harder,  and  more  fusible  than  copper  alone,  and  form  good  castings.     The  alloys  con- 
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colour  of  the  latter  to  a  considerable  degree  ;  with  a  certain  amount  of 
zinc  the  colour  of  the  copper  becomes  yellow,  and  with  a  still  larger 
proportion  of  zinc  an  alloy  is  formed  which  has  a  greenish  tint-  In  those 
alloys  of  zinc  and  copper  which  contain  a  larger  amount  of  zinc  than 
of  copper,  the  yellow  colour  disappears  and  is  replaced  by  a  greyish 
colour.  But  when  the  amount  of  zinc  is  diminished  to  about  20  p.c, 
the  alloy  is  red  and  hard,  and  is  called  '  tombac'  A  contraction  takes 
place  in  alloying  copper  with  zinc,  so  that  the  volume  of  the  alloy  is 
less  than  that  of  either  metal  individually.  The  zinc  volatilises  on 
prolonged  heating  at  a  high  temperature  and  the  excess  of  metallic 
copper  remains  behind.  When  heated  in  the  air,  the  zinc  oxidises 
before  the  copper,  so  that  all  the  zinc  alloyed  with  ccjpper  may  be 
removed  from  the  copper  by  this  means.  An  important  property  of 
brass  containing  about  30  p.c.  of  zinc  is  that  it  is  soft  and  malleable  in 
the  cold,  but  becomes  somewhat  brittle  when  heated.  We  may  also 
mention  that  ordinary  copper  coins  contain,  in  order  to  render  them 
hard,  tin,  zinc,  and  iron  (Cu  =  95  p.c.) ;  that  it  is  now  customary  to  add 
a  small  amount  of  phospliorus  to  copper  and  bronze,  for  the  same  pur- 
pose ;  and  also  that  copper  is  added  to  silver  and  gold  in  coining,  &c. 
to  render  it  hard  ;  moreover,  in  Germany,  Switzerland,  and  Belgium, 
and  other  countries,  a  silver-white  alloy  (melchior,  German  silver,  (fee), 
for  base  coinage  and  other  purposes,  is  prepared  from  brass  and  nickel 
(from  10  to  20  p.c.  of  nickel  ;  20  to  30  p.c.  zinc  :  50  to  70  p.c.  copper), 
or  directly  from  copper  and  nickel,  or,  more  rarely,  from  an  alloy  con- 
taining silver,  nickel,  and  copper. ^^''" 

Copper,  in  its  cuprous  compounds,  is  so  analogous  to  silver,  that 

taining  45-80  p.c.  Cli  crystallise  in  cubes  if  slowly  cooled  (Bi  also  gives  crystals).  By 
washing  the  surface  of  brass  with  dilute  sulphuric  acid,  Zn  is  removed  and  the  article 
acquires  the  colour  of  copper.  The  alloys  approaching  Zn^Cu,^  in  their  composition 
exhibit  the  greatest  resistance  (under  other  equal  conditions  ;  of  purity,  forging,  rolling, 
&e.)  The  addition  of  3  p.c.  Al,  or  5  p.c.  Sn,  improves  the  quality  of  brass.  Respecting 
aluminium  bronze  see  Chapter  XYII.  p.  88. 

i2bLs  J3a]j  (also  Kamensky),  1888,  by  investigating  the  electrical  conductivity  of  the 
alloys  of  antimony  and  copper  with  lead,  came  to  the  conclusion  that  only  two  definite 
compounds  of  antimony  and  copper  exist,  whilst  the  other  alloys  are  either  alloys  of  these 
two  together  or  with  antimony  or  with  copper.  These  compounds  are  Cu^Sb  and 
Cu4Sb — one  corresponds  with  the  maximum,  and  the  other  with  the  minimum,  electrical 
resistance.  In  general,  the  resistance  offered  to  an  electrical  current  forms  one  of  the 
methods  by  which  the  composition  of  definite  alloys  (for  example,  Pb^Zuy)  is  often 
established,  whilst  the  electromotive  force  of  alloys  affords  (Laurie,  1888)  a  still  more 
accurate  method — for  instance,  several  definite  compounds  were  discovered  by  tliis 
method  among  the  alloys  of  copper  with  zinc  and  tin  ;  but  we  will  not  enter  into  any 
details  of  this  subject,  because  we  avoid  all  references  to  electricity,  although  the  reader 
is  recommended  to  make  himself  acquainted  with  this  branch  of  science,  which  has  many 
points  in  common  with  chemistry.  The  study  of  alloys  regarded  as  solid  solutions  should, 
in  my  opinion,  throw  much  light  upon  the  qiiestion  of  solutions,  wliich  is  still  obscure 
in  many  aspects  and  in  many  branches  of  chemistry. 


416  PKIXeiPLES   OF  CHEJIISTBY 

were  there  no  cupric  compounds,  or  if  silver  gave  stable  compounds 
of  the  higher  oxide,  Ag(',  the  resemblance  would  be  as  close  as  that 
between  chlorine  and  bromine  or  zinc  and  cadmium  ;  but  silver 
compounds  corresponding  to  AgO  are  quite  unknown.  Although 
silver  peroxide — which  was  regarded  as  AgO,  but  which  Berthelot 
(1880)  recognised  as  the  sesquioxide  Ag,03 — is  known,  still  it  does 
not  form  any  true  salts,  and  consequently  cannot  be  placed  along 
with  cupric  oxide.  In  distinction  to  copper,  silver  as  a  metal  does 
not  oxidise  under  the  influence  of  heat  ;  and  its  oxides,  Ag.,0  and 
-A-gat's,  easily  lose  oxygen  (see  Xote  8  tri).  Silver  does  not  oxidise  in 
air  at  the  ordinary  pressure,  and  is  therefore  classed  among  the 
so-called  noble  mefah.  It  has  a  white  colour,  which  is  much  purer 
than  that  of  any  other  known  metal,  especially  when  the  metal  is  chemi- 
cally pure.  In  the  arts  silver  is  always  used  alloyed,  because  chemi- 
cally-pure silver  is  so  soft  that  it  wears  exceedingly  easily,  whilst  when 
fused  with  a  small  amount  of  copper,  it  becomes  very  hard,  without 
losing  its  colour.'^ 

1^  There  are  not  many  soft  metals ;  lead,  tin,  copper,  silver,  iron,  and  gold  are  some- 
wliat  soft,  and  potassium  and  sodium  very  soft.  The  metals  of  the  alkaline  eailhs 
are  sonorous  and  hard,  and  many  other  metals  are  even  brittle,  especially  bismuth 
and  antimony.  But  the  very,  slight  significance  which  these  properties  have  in 
determining  the  fundamental  chemical  properties  of  substances  (although,  however,  of 
immense  importance  in  the  practical  applications  of  metals)  is  seen  from  the  example 
shown  by  zinc,  which  is  hard  at  the  ordinary  temperature,  soft  at  100°,  and  brittle 
at  200°. 

As  the  value  of  silver  depends  exclusively  on  its  purity,  and  as  there  is  no  possibility 
of  telling  the  amount  of  impurities  alloyed  with  it  from  its  external  appearance,  it  is 
customary  in  most  countries  to  mark  an  article  with  the  amount  of  pure  silver  it  contains 
after  an  accurately-made  analysis  known  as  the  assay  of  the  silver.     In  France  the 
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Fi«.  95.— Cupel  lor  silver  assaying.  FiG.  96.— Cl.iy  mnSle. 

assay  of  silver  shows  the  amount  of  pm-e  silver  in  1,000  parts  by  weight ;  in  Russia  the 
amount  of  pure  silver  in  96  parts— that  is,  the  assay  shows  the  number  of  zolotniks 
(4-26  grams)  of  pure  silver  in  one  pound  (410  grams)  of  alloyed  silver.  Russian  silver  is 
generally  84  assay — that  is,  contains  84  parts  by  weight  of  pure  silver  and  12  parts  of 
copper  and  other  metals.  French  money  contains  90  p.c.  (in  the  Russian  system  this 
will  be  86-4  assay)  by  weight  of  silver  [English  coins  and  jewellery  contain  92-5  p.c.  of 

silver]  ;  the  sUver  rouble  is  of  831  assay — that  is,  it  contains  86"8  p.c.  of  silver and  the 

smaller  Russian  silver  coinage  is  of  48  assay,  and  therefore  contains  50  p.c.  of  silver. 
Silver  ornaments  and  articles  are  usually  made  in  Russia  of  84  and  72  assay.  As 
the  alloys  of  silver  and  copper,  especially  after  being  subjected  to  the  action  of  heat  are 
not  so  w-hite  as  pm-e  silver,  they  generally  undergo  a  process  known  as  '  blanchin"  '  (or 
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Silver  occurs  in  nature,  both  in  a  native  state  and  in  certain  com- 
pounds.    Native  silver,  however,  is  of  rather  rare  occurrence.     A  far 

'  pickling ')  after  being  worked  up.  Tliis  consists  in  remoying  the  copper  from  tlie  surface 
of  the  article  by  subjecting  it  to  a  dark-red  heat  and  then  immersing  it  in  dilute  acid. 
During  the  calcination  the  copper  on  the  surface  is  oxidised,  wliilst  the  silver  remains 
unchanged  ;  the  dilute  acid  then  dissolves  the  copper  oxides  formed,  and  pure  silver  is 
left  on  the  surface.  The  surface  is  dull  after  this  treatment,  owing  to  the  removal  of  a 
portion  of  the  metal  by  the  acid.  After  being  polished  the  article  acquires  the  desired 
lustre  and  colour,  so  as  to  be  indistinguishable  from  a  pure  silver  object.  In  order  to 
test  a  silver  article,  a  portion  of  its  mass  must  be  taken,  not  from  the  surface,  but  to  a 
certain  depth.  The  methods  of  assay  used  in  practice  are  very  varied.  The  commonest 
and  most  often  used  is  that  known  as  ciqiellation.  It  is  based  on  tlie  difference  in  the 
oxidisability  of  copper,  lead,  and  silver.     The  cupel  is  a  porous  cup  with  thick  sides, 


Fig.  97. — Portable  muffle  furnace 

made  by  compressing  bone  ash.  The  porous  mass  of  bone  ash  absorbs  the  fused  oxides, 
especially  the  lead  oxide,  which  is  easily  fusible,  but  it  does  not  absorb  the  unoxidised 
metal.  The  latter  collects  into  a  globule  under  the  action  of  a  strong  heat  in  the  cupel, 
and  on  cooling  solidifies  into  a  button,  which  may  then  be  weighed.  Several  cupels  are 
placed  in  a  muffle.  A  muffle  is  a  semi-cylindrical  clay  vessel,  shown  in  the  accompanying 
drawing.  The  sides  of  the  muffle  are  pierced  with  several  orifices,  which  allow  the  access 
of  air  into  it.  The  mufifle  is  placed  in  a  furnace,  where  it  is  strongly  heated.  Under  the 
action  of  the  air  entering  the  muffle  the  copper  of  the  silver  alloy  is  oxidised,  but  as  the 
oxide  of  copper  is  infusible,  or,  more  strictly  speaking,  difficultly  fusible,  a  certain  quan- 
tity of  lead  is  added  to  the  alloy;  the  lead  is  also  oxidised  by  the  air  at  the  high  tem- 
perature of  the  muffle,  and  gives  the  very  fusible  lead  oxide.  The  copper  oxide  then 
fuses  with  the  lead  oxide,  and  is  absorbed  by  the  cupel,  whilst  the  silver  remains  as  a 
VOL.  II.  BE 


418  PRiN'LiPLES  OF  che:\ii.stry 

greater  quantity  of  silver  occurs  in  combination  with  sulphur,  and 
especially  in  the  form  of  silver  sulphide,  Ag2'^,  with  lead  sulphide 
or  copper  sulphide,  or  the  ores  of  various  other  metals.  The  largest 
amount  of  silver  is  extracted  from  the  lead  in  which  it  occurs.  If  this 
lead  be  calcined  in  the  presence  of  air,  it  oxidises,  and  the  resultant 
lead  oxide,  PbO  ('litharge'  or  '  silberglatte,'  as  it  is  called),  melts  into 
a  mobile  liquid,  which  is  easily  removed.  The  silver  remains  in  an 
unoxidised  metallic  state.^"*     This  process  is  called  cnpellation, 

bright  white  globule.  If  the  weight  of  the  alloy  taken  and  of  the  silver  left  on  the  cupel 
be  determined,  it  is  possible  to  calculate  the  composition  of  the  alloy.  Thus  the  essence 
of  cnpellation  consists  in  the  separation  of  the  oxidisable  metals  from  silver,  which  does 
not  oxidise  under  the  action  of  heat.  A  more  accurate  method,  based  on  the  precipitation 
of  silver  from  its  solutions  in  the  form  of  silver  chloride,  is  described  in  detail  in  works 
on  analytical  chemistry. 

!■*  In  America,  whence  the  largest  amount  of  silver  is  now  obtained,  ores  are  worked 
containing  not  more  than  \  p.c.  of  silver,  whilst  at  i  p.c.  its  extraction  is  ^ery  profitable. 
IMoreover,  the  extraction  of  silver  from  ores  containing  not  more  than  O'Ol  p.c.  of  this 
metal  is  sometimes  profitable.  The  majority  of  the  lead  smelted  from  galena  contains 
silver,  which  is  extracted  from  it.  Thus  near  Ai-ras,  in  France,  an  ore  is  worked 
which  contains  about  65  parts  of  lead  and  0088  part  of  silver  in  100  parts  of  ore,  which 
corresponds  with  136  parts  of  silver  in  100,000  parts  of  lead.  At  Freiberg,  in  Saxony,  tlie 
ore  used  ^enriched  by  mechanical  dressing)  contains  about  0*9  of  silver,  160  of  lead,  and 
'2  of  copper  in  10,000  parts.  In  eveiy  case  the  lead  is  first  extracted  in  the  manner 
described  in  Chapter  XVlII.,  and  this  lead  will  contain  all  the  silver.  Not  unfrequently 
other  ores  of  silver  are  mixed  with  lead  ores,  in  order  to  obtain  an  argentiferous  lead  as 
the  product.  The  extraction  of  small  quantities  of  silver  from  lead  is  facilitated  by  the 
fact  (Pattinson's  process)  that  molten  argeDtiferous  lead  in  cooling  first  deposits 
crj-stals  of  pure  lead,  which  fall  to  the  bottom  of  the  cooling  vessel,  whilst  the  propor- 
tion of  silver  in  the  unsolidified  mass  increases  owing  to  the  removal  of  the  crystals 
of  lead.  The  lead  is  enriched  in  this  manner  im.til  it  contains  -^^  part  of  silver,  and 
is  then  subjected  to  cnpellation  on  a  larger  scale.  According  to  Park's  process,  zinc  is 
added  to  the  molten  argentiferous  lead,  and  the  alloy  of  Pb  and  Zn,  which  first  separates 
out  on  cooling,  is  collected.  This  alloy  is  found  to  contain  all  the  silver  previously  con- 
tained in  the  lead.  The  addition  of  0"5  p.c.  of  aluminium  to  tlie  zinc  (Kossler  and  Edelman) 
facilitates  the  extraction  of  the  Ag  from  the  resultant  alloy  besides  preventing  oxida- 
tion ;  for,  after  re-melting,  nearly  all  the  lead  easily  runs  off  (remains  fluid),  and 
leaves  an  alloy  containing  about  30  p.c.  Ag  and  about  70  p.c.  Zn.  This  alloy  may  be  used 
as  an  anode  in  a  solution  of  ZnCl^,  when  the  Zn  is  deposited  on  the  cathode,  leaving  the 
silver  with  a  small  amount  of  Pb,  Arc.  behind.  The  silver  can  be  easily  obtained  pm"e  by 
treating  it  with  dilute  acids  and  cupelling. 

The  ores  of  silver  which  contain  a  larger  amount  of  it  are  :  silver  glance,  AgjS  (sp. 
gr.  7"2)  ;  argentiferous -copper  glance,  CuAgS  ;  horn  silver  or  cliloride  of  silver,  AgCl; 
argentiferous  grey  copper  ore  ;  polybasite,  M^ES^  (where  M  =  Ag,  Cii,  and  R  =  Sb,  As), 
and  argentiferous  gold.  The  latter  is  the  usual  form  in  which  gold  is  found  in  alluvial 
deposits  and  ores.  The  crystals  of  gold  from  the  BerezofEsky  mines  in  the  Urals  contain 
90  to  95  of  gold  and  5  to  9  of  silver,  and  the  Altai  gold  contains  50  to  65  of  gold  and  36  to 
38  of  silver.  The  proportion  of  silver  in  native  gold  varies  between  these  limits  in  other 
localities.  Silver  ores,  which  generally  occur  in  veins,  usually  contain  native  silver  and 
various  sulphur  compounds.  ,The  most  famous  mines  in  Europe  are  in  Saxony  (Frei- 
berg), which  has  a  yearly  output  of  as  much  as  26  tons  of  silver,  Hungaiy,  and  Bohemia 
(41  tons).  In  Russia,  silver  is  extracted  in  the  Altai  and  at  Xercluusk  (17  tons).  The 
richest  silver  mines  known  are  in  America,  especially  in  Chili  (as  much  as  70  tons), 
jVIexico  (200  tons),  and  more  particularly  in  the  Western  States  of  North  America.    Thb 


COPPER,    SILVEE,    AND   GOLD  419 

Commercial  silver  generally  contains  copper,  and,  more  rarely,  other 
metallic  impurities  also.  Chemically  pure  silver  is  obtained  either  by 
cupellation  or  by  subjecting  ordinary  silver  to  the  following  treatment. 
The  silver  is  first  dissolved  in  nitric  acid,  which  converts  it  and  the 
copper  into  nitrates,  Cu(N03).2  and  AgNOa  ;  hydrochloric  acid  is  then 
added  to  the  resultant  solution  (green,  owing  to  the  presence  of  the 
cupi'ic  salt),  which  is  considerably  diluted  with  water  in  order  to  retain 
the  lead  chloride  in  solution  if  the  silver  contained  lead.  The  copper 
and  many  other  metals  remain  in  solution,  whilst  the  silver  is  precipi- 
tated as  silver  chloride.  The  precipitate  is  allowed  to  settle,  and  the 
liquid  is  decanted  off ;  the  precipitate  is  then  washed  and  fused  with 
sodium  carbonate.  A  double  decomposition  then  takes  place,  sodium 
chloride  and  silver  carbonate  being  formed  ;  but  the  latter  decomposes 
into  metallic  silver,  because  the  silver  oxide  is  decomposed  by  heat  : 
Ag2C03  =  Ag2  +  O  +  COj.  The  silver  chloride  may  also  be  mixed 
with  metallic  zinc,  sulphuric  acid,  and  water,  and  left  for  some  time, 
when  the  zinc  removes  the  chlorine  from  the  silver  chloride  and  pre- 
cipitates the  silver  as  a  powder.  This  finely-divided  silver  is  called 
'  molecular  silver.' '' 

richness  of  these  mines  may  be  judged  from  the  fact  that  one  mine  in  the  State  of 
Nevada  (Comstock,  near  Washoe  and  the  cities  of  Gold  Hill  and  Virginia),  which  was  dis- 
covered in  1859,  gave  an  output  of  400  tons  in  1866.  In  place  of  cupellation,  chlori- 
nation  may  also  be  employed  for  extracting  silver  from  its  ores.  The  method  of 
chlorination  consists  in  converting  the  silver  in  an  ore  into  silver  chloride.  This  is 
either  done  by  a  wet  or  by  a  dry  method,  roasting  the  ore  with  NaCl.  When  the  silver 
chloride  is  formed,  the  extraction  of  the  metal  is  also  done  by  two  methods.  The  first 
consists  in  the  silver  chloride  being  reduced  to  metal  by  means  of  iron  in  rotating 
barrels,  with  the  subsequent  addition  of  mercury  which  dissolves  the  silver,  but 
does  not  act  on  the  other  metals.  The  mercury  holding  the  silver  in  solution  is  distilled, 
when  the  silver  remains  behind.  This  method  is  called  amalgamation.  The  other 
method  is  less  frequently  used,  and  consists  in  dissolving  the  silver  chloride  in  sodiiua 
chloride  or  in  sodium  thiosulphate,  and  then  precipitating  the  silver  from  the  solution. 
The  amalgamation  is  then  carried  on  in  rotating  barrels  containing  the  roasted  ore  mixed 
with  water,  iron,  and  mercury.  The  iron  reduces  the  silver  chloride  by  taking  up  the 
chlorine  from  it.  The  technical  details  of  these  processes  are  described  in  works  on 
metallurgy.  The  extraction  of  AgCl  by  the  wet  method  is  carried  on  (Patera's  process) 
by  means  of  a  solution  of  hyposulphite  of  sodium  which  dissolves  AgCl  (see  Note  23),  or 
by  hxiviating  with  a  2  p.c.  solution  of  a  double  hyposulphite  of  Na  and  Cu  (obtained  by 
adding  CUSO4  to  Na^SaOs).  The  resultant  solution  of  AgCl  is  first  treated  with  soda 
to  precipitate  PbCOj,  and  then  with  NajS,  which  precipitates  the  Ag  and  Au.  The 
process  should  be  carried  on  rapidly  to  prevent  the  precipitation  of  Cu.,,S  from  the  solu- 
tion of  CUSO4  and  Na^S^Oa. 

"  There  is  another  practical  method  which  is  also  suitable  for  separating  the  silver 
from  the  solutions  obtained  in  photography,  and  consists  in  precipitating  the  silver  by 
oxalic  acid.  .  In  this  case  the  amount  of  silver  in  the  solution  must  be  Imown,  and  23 
grams  of  oxalic  acid  dissolved  in  400  grams  of  water  must  be  added  for  every  60  grams 
of  silver  in  solution  in  a  litre  of  water.  A  precipitate  of  silver  oxalate,  AgjC.^O^,  is  then 
obtained,  which  is  insoluble  in  water  but  soluble  in  acids.  Hence,  if  the  liquid  contain 
any  free  acid  it  must  be  previously  freed  from  it  by  the  addition  of  sodium  carbonate. . 

E  E  2 


420  PRINCIPLES   OF   CHEMISTRY 

Chemically-pure  silver  lias  an  exceeding  pure  white  colour,  and  a 
specific  gravity  of  10'5.  Solid  silver  is  lighter  than  the  molten  metal, 
and  therefore  a  piece  of  silver  floats  on  the  latter.  The  fusing- 
point  of  sih'er  is  about  950°  C,  and  at  the  high  temperature  attained 
by  the  combustion  of  detonating  gas  it  volatilises.'^  By  employing 
silver  reduced  from  silver  chloride  by  milk,  sugar  and  caustic  potash, 
and  distilling  it,  Stas  obtained  silver  purer  than  that  obtained  by  any 
other  means  ;  in  fact,  this  was  perfectly  pure  silver.  The  vapour  of 
silver  has  a  very  beautiful  green  colour,  which  is  seen  when  a  siher 
wire  is  placed  in  an  oxyhydrogen  flame.'' 

It  has  long  been  known  (Wohler)  that  when  nitrate  of  silver, 
AgXOs,  reacts  as  an  oxidising  agent  upon  citrates  and  tartrates,  it  is 
able  under  certain  conditions  to  give  either  a  salt  of  suboxide  of  silver 
(see  Note  19)  or  a  red  solution,  or  to  give  a  precipitate  of  metallic 
silver  reduced  at  the  expense  of  the  organic  substances.  In  1889  Carey 
Lea,  in  his  researches  on  this  class  of  reactions,  showed  that  soluble 

The  resultant  precipitate  of  silver  oxalate  is  dried,  mixed  with  an  equal  weight  of  dry 
sodiuni  carbonate,  and  thi'own  into  a  geutly-lieated  crucible.  The  separation  of  the 
silver  then  proceeds  without  an  explosion,  whilst  the  silver  oxalate  if  heated  alone 
decomposes  with  explosion. 

According  to  Stas,  the  best  method  for  obtaining  silver  from  its  solutions  is  by  the 
reduction  of  silver  chloride  dissolved  in  ammonia  by  means  of  an  ammoniacal  solution  of 
cuprous  thiosulphate  ;  the  silver  is  then  precipitated  in  a  crystalline  form.  A  solution  of 
ammonium  sulphite  may  be  used  instead  of  the  cuprous  salt. 

^•^  Silver  is  very  malleable  and  ductile;  it  may  be  beaten  into  leaves  0'002  mm.  in 
thickness.  Silver  wire  may  be  made  so  fine  that  1  gram  is  drawn  into  a  wire  2^  kilo- 
metres long.  In  this  respect  silver  is  second  only  to  gold.  A  wire  of  2  mm.  diameter 
breaks  under  a  strain  of  20  kilograms. 

1''  In  melting,  silver  absorbs  a  considerable  amount  of  oxygen,  which  is  disengaged  on 
solidifying.  One  volmne  of  molten  silver  absorbs  as  much  as  22  volumes  of  oxygen.  In 
solidifying,  the  silver  forms  cavities  like  the  craters  of  a  volcano,  and  throws  off  met-il, 
owing  to  the  evolution  of  the  gas  ;  all  these  phenomena  recall  a  volcano  on  a  miniature 
scale  (Dumas).  Silver  which  contains  a  small  quantity  of  copper  or  gold,  itc,  does  not 
show  this  property  of  dissolving  oxygen. 

The  absorption  of  oxygen  by  molten  silver  is,  however,  an  oxidation,  but  it  is  at  the 
Vsame  time  a  phenomenon  of  solution.  One  cubic  centimetre  of  molten  silver  can 
dissolve  twenty-two  cubic  centimetres  of  oxygen,  which,  even  at  0°,  only  weighs  0"08 
gram,  whilst  1  cubic  centimetre  of  silver  weighs  at  least  10  grams,  and  therefore  it  is 
impossible  to  suppose  that  the  absorption  of  the  oxygen  is  attended  by  the  formation  of 
any  definite  compomid  (rich  in  oxygen)  of  silver  and  oxygen  (about  45  atoms  of  silver  to 
1  of  oxygen)  in  any  other  but  u,  dissociated  form,  and  this  is  the  state  in  which  sub- 
stances in  solution  must  be  regarded  (Chapter  I.) 

Le  Chatelier  showed  that  at  800°  and  15  atmospheres  pressure  silver  absorbs  so 
much  oxygen  that  it  may  be  regarded  as  having  formed  the  compound  Ag^O,  or  a 
mixture  of  Agj  and  Ag.,0.  Moreover,  silver  oxide,  AgjO,  only  decomposes  at  300°  under 
low  pressures,  whilst  at  pressures  above  10  atmospheres  there  is  no  decomposition  at 
300°  but  only  at  400°. 

Stas  showed  that  silver  is  oxidised  by  air  in  the  presence  of  acids.  V.  d.  Pfordten 
confirmed  this,  and  showed  that  an  acidified  solution  of  potassium  permanganate  rapidly 
dissolves  silver  in  the  presence  of  aii". 
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silver  is  here  formed,  which  he  called  aUotropic  silver.  It  may  be 
obtained  by  taking  200  c.c.  of  a  10  per  cent,  solution  of  AgN(J;5  and 
quickly  adding  a  mixture  (neutralised  with  NaHO)  of  200  c.c.  of  a 
30  per  cent,  solution  of  FeS04  and  200  c.c.  of  a  40  per  cent,  solution 
of  sodium  citrate.  A  lilac  precipitate  is  obtained,  which  is  collected 
on  a  filter  (the  precipitate  becomes  blue)  and  washed  with  a  solution  of 
NH4NO3.  It  then  becomes  soluble  in  pure  water,  forming  a  red 
perfectly  transparent  solution  from  which  the  dissolved  silver  is  preci- 
pitated on  the  addition  of  many  soluble  foreign  bodies.  Some  of  the 
latter — for  instance,  NH4NO3,  alkaline  sulphates,  nitrates,  and  citrates 
— give  a  precipitate  which  redissolves  in  pure  water,  whilst  others — for 
instance,  MgS04,  FeSOj,  K2Cr207,AgN03,Ba(N03)2  and  many  others — 
convert  the  precipitated  silver  into  a  new  variety,  which,  although  no 
longer  soluble  in  water,  regains  its  solubility  in  u,  solution  of  borax 
and  is  soluble  in  ammonia.  Both  the  soluble  and  insoluble  silver  are 
rapidly  converted  into  the  ordinary  grey-metallic  variety  by  sulphuric 
acid,  although  nothing  is  given  off  in  the  reaction  ;  the  same  change 
takes  place  on  ignition,  but  in  this  case  COj  is  disengaged  ;  the  latter 
is  formed  from  the  organic  substances  which  remain  (to  the  amount  of 
3,  per  cent.)  in  the  modified  silver  (they  are  not  removed  by  soaking  in 
alcohol  or  water).  If  the  precipitated  silver  be  slightly  washed  and 
laid  in  a  smooth  thin  layer  on  paper  or  glass,  it  is  seen  that  the  soluble 
variety  is  red  when  moist  and  a  fine  blue  colour  when  dry,  whilst  the  in- 
soluble variety  has  a  blue  reflex.  Besides  these,  under  special  conditions '' 

^8  "Wlien  solutions  of  AgNO-,  FeSOj,  sodium  citrate,  and  NaHO  arS  mixed  together 
in  the  manner  described  above,  they  tlirow  down  a  precipitate  of  a  beautiful  lilac 
colour ;  when  transferred  to  a  filter  paper  the  precipitate  soon  changes  colour,  and 
becomes  dark  blue.  To  obtain  the  substance  as  pure  as  possible  it  is  washed  with  a 
5-10  p.c.  solution  of  ammonium  nitrate ;  the  liquid  is  decanted,  and  150  c.c.  of  water 
poured  over  the  precipitate.  It  then  dissolves  entirely  in  the  water.  A  small  quantity  of 
a  saturated  solution  of  ammonium  nitrate  is  added  to  the  solution,  and  the  silver 
in  solution  again  separates  out  as  a  precipitate.  These  alternate  solutions  and 
precipitations  are  repeated  seven  or  eight  times,  after  which  the  precipitate  is  trans- 
ferred to  a  filter  and  washed  with  95  p.c.  alcohol  until  the  filtrate  gives  no  residue  on 
evaporation.  An  analysis  of  the  substance  so  obtained  showed  that  it  contained  from 
97'18  p.c.  to  97'31  p.c.  of  metallic  silver.  It  remained  to  discover  what  the  remaining 
2-3  p.c.  were  composed  of.  Are  they  merely  impurities,  or  is  the  substance  some  com- 
pound of  silver  with  oxygen  or  hydrogen,  or  does  it  contain  citric  acid  in  combination 
which  might  account  for  its  solubility  ?  The  first  supposition  is  set  aside  by  the  fact 
that  no  gases  are  disengaged  by  the  precipitate  of  silver,  either  under  the  action  of  gases 
or  when  heated.  The  second  supposition  is  shown  to  be  impossible  by  the  fact  that 
there  is  no  definite  relation  between  the  silver  and  citric  acid.  A  determination  of  the 
amount  of  silver  in  solution  showed  that  the  amount  of  citric  acid  varies  greatly  for  one 
and  the  same  amount  of  silver,  and  there  is  no  simple  ratio  between  them.  Among 
other  methods  of  preparing  soluble  silver  given  by  Carey  Lea,  we  may  mention  the 
method  published  by  him  in  1891.  AgNO.3  is  added  to  a  solution  of  dextrine  in  caustic 
soda  or  potash ;  at  first  a  precipitate  of  brown  oxide  of  silver  is  thrown  down,  but  the 
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a  golden  yellow  variety  may  be  obtained,  which  gives  a  brilliant  golden 
yellow  coating  on  glass  ;  but  it  is  easily  converted  into  the  ordinary 
grey- metallic  state  by  friction  or  trituration.  There  is  no  doubt  ^^  ^^^ 
that  there  is  the  same  relation  between  ordinary  silver  which  is  per- 
fectly insoluble  in  water  and  the  varieties  of  silver  obtained  by  Carey 
Lea  ^^  *^^    as    there   is   between  quartz    and  soluble  silica  or  between 

broivn  colour  then  changes  into  a  reddish  chocolate,  owing  to  the  reduction  of  the  silver 
by  the  dextrine,  and  the  solntion  tiu-ns  a  deep  red.  A  few  drops  of  this  solution  turn 
water  bright  red,  and  give  a  perfectly  transparent  liquid.  The  dextrine  solution  is  pre- 
pared by  dissolving  40  grams  of  caustic  soda  and  the  same  amount  of  ordinary  brown 
dextrine  in  two  htres  of  water.  To  this  solution  is  gradually  added  28  grams  of  AgN03 
dissolved  in  a  small  quantity  of  water. 

The  insoluble  allotropic  silver  is  obtained,  as  was  mentioned  above,  from  a  solution 
of  silver  prepared  in  the  manner  described,  by  the  addition  of  sulphate  of  copper, 
iron,  barium,  magnesium,  etc.  In  one  experiment  Lea  succeeded  in  obtaining  the 
insoluble  allotropic  Ag  in  a  crystalline  form.  The  red  solution,  described  above,  after 
standing  several  weeks,  deposits  crystals  spontaneously  in  the  form  of  short  black 
needles  and  thin  prisms,  the  liquid  becoming  colourless.  This  insoluble  variety,  when 
rubbed  upon  paper,  has  the  appearance  of  bright  shining  green  flakes,  which  polarise 
light. 

The  gold  variety  is  obtamed  in  a,  different  maimer  to  the  two  other  varieties.  A 
solution  is  prepared  containing  200  c.c.  of  a  10  p.c.  solution  of  nitrate  of  silver,  200  c.c. 
of  a  20  p.c.  solution  of  Eochelle  salt,  and  800  c.c.  of  water.  Just  as  in  the  previous  case 
the  reaction  Lon&isted  in  the  reduction  of  the  citrate  of  silver,  so  in  this  case  it  consists 
in  the  reduction  of  the  tartrate,  which  here  first  forms  a  red,  and  then  a  black  precipitate 
of  allotropic  Ag,  which,  when  transferred  to  the  filter,  appears  of  a  beautiful  bronze 
colour.  After  washing  and  drying,  this  precipitate  acquires  the  lustre  and  colour 
peculiar  to  polished  gold,  and  this  is  especially  remarked  where  the  precipitate  comes 
into  contact  with  glass  or  china.  An  analysis  of  the  golden  variety  gave  a  percentage 
composition  of  98*750  to  98"749  Ag.  Both  the  insoluble  varieties  (the  blue  and  gold) 
have  a  difierent  specific  gi-avity  from  ordinary  silver.  Whilst  that  of  fused  silver  is  10'50, 
and  of  finely-divided  silver  10"62,  the  specific  gravity  of  the  blue  insoluble  variety  is  9*58, 
and  of  the  gold  variety  8*51.  The  gold  variety  x^asses  into  ordinary  Ag  with  great  ease. 
This  transition  may  even  be  remarked  on  the  filter  in  those  places  which  have  acciden- 
tally not  been  moistened  with  water.  A  simple  shock,  and  therefore  friction  of  one 
particle  upon  another,  is  enough  to  convert  the  gold  variety  into  normal  white  silver. 
Carey  Lea  sent  samples  of  the  gold  variety  for  a,  long  distance  by  rail  packed  in  three 
tubes,  in  which  the  silver  occupied  about  the  quarter  of  their  volume;  in  one  tube  only 
he  filled  ujd  this  space  with  cotton-wool.  It  was  afterwards  found  that  the  shaking  of 
the  particles  of  Ag  had  completely  converted  it  into  ordinary  white  silver,  and  that  only 
the  tube  contaming  the  cotton-wool  had  preseired  the  golden  variety  intact. 

The  soluble  variety  of  Ag  also  passes  into  the  ordinary  state  with  great  ease,  the 
heat  of  conversion  being,  as  Prange  showed  in  1890,  about  +  60  calories. 

18  bis  Ti^^g  opinion  of  the  nature  of  soluble  siher  given  below  was  first  enunciated  in 
the  Journal  of  the  Bus^ian  Chemical  Society,  February  1,  1890,  Voh  XXU.,  Note  73. 
This  view  is,  at  the  present  time,  generally  accepted,  and  this  silver  is  frequently  known 
as  the  '  colloid '  variety.  I  may  add  that  Carey  Lea  observed  the  solution  of  ordinary 
molecular  silver  in  ammonia  without  the  access  of  air. 

^^  ^"  It  is,  however,  noteworthy  that  ordinarj^  metallic  lead  has  long  been  considered 
soluble  in  water,  that  boron  has  been  repeatedly  obtained  in  a  brown  solution,  and  that 
observations  upon  the  development  of  certain  bacteria  have  shown  that  the  latter  die  in 
water  wliich  has  been  for  some  time  in  contact  with  metals.  This  seems  to  indicate  the 
passage  of  small  quantities  of  metals  into  water  (however,  the  formation  of  peroxide  of 
hydrogen  may  be  supposed  to  have  some  influence  in  these  cases). 
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CuS  and  AsjSg  in  their  ordinary  insoluble  forms  and  in  the  state  of 
the  colloid  solution  of  their  hydrosols  (see  Chapter  I.,  Note  57,  and 
Chapter  XVII.,  Note  25  bis).  Here,  however,  an  important  step  in 
advance  has  been  made  in  this  respect,  that  we  are  dealing  with  the 
solution  of  a  simple  body,  and  moreover  of  a  metal — i.e.  of  a  particu- 
larly characteristic  state  of  matter.  And  as  boron,  gold,  and  certain 
other  simple  bodies  have  already  been  obtained  in  a  soluble  (colloid) 
form,  and  as  numerous  organic  compounds  (albuminous  substances, 
gum,  cellulose,  starch,  &c.)  and  inorganic  substances  are  also  known  in 
this  form,  it  might  be  said  that  the  colloid  state  (of  hydrogels  and  hydro- 
sols)  can  be  acquired,  if  not  by  every  substance,  at  all  events  by  sub- 
stances of  most  varied  chemical  character  under  particular  conditions 
of  formation  from  solutions.  And  this  being  the  case,  we  may  hope 
that  a  further  study  of  soluble  colloid  compounds,  which  apparently 
present  various  transitions  towards  emulsions,  may  throw  a  new  light 
upon  the  complex  question  of  solutions,  which  forms  one  of  the  problems 
of  the  present  epoch  of  chemical  science.  Moreover,  we  may  remark  that 
Spring  (1890)  clearly  proved  the  colloid  state  of  soluble  silver  by  means 
of  dialysis  as  it  did  not  pass  through  the  membrane. 

As  regards  the  capacity  of  silver  for  chemical  reactions,  it  is 
remarkable  for  its  small  capacity  for  combination  with  oxygen  and  for 
its  considerable  energy  of  combination  with  sulphur,  iodine,  and  cer- 
tain kindred  non-metals.  Silver  does  not  oxidise  at  any  temperature, 
and  its  oxide,  AgjO,  is  decomposed  by  heat.  It  is  also  a  very  impor- 
tant fact  that  silver  is  not  oxidised  by  oxygen  either  in  the  pi'esence  of 
alkalis,  even  at  exceedingly  high  temperatures,  or  in  the  presence  of 
acids — at  least,  of  dilute  acids — which  properties  render  it  a  very 
important  metal  in  chemical  industry  for  the  fusion  of  alkalis,  and  also 
for  many  purposes  in  everyday  life  ;  for  instance,  for  making  spoons, 
salt-cellars,  &c.  Ozone,  however,  oxidises  it.  Of  all  acids  nitric  acid 
has  the  greatest  action  on  silver.  The  reaction  is  accompanied  by  the 
formation  of  oxides  of  nitrogen  and  silver  nitrate,  AgNOj,  which 
dissolves  in  water  and  does  not,  therefore,  hinder  the  further  action  of 
the  acid  on  the  metal.  The  halogen  acids,  especially  hydriodic  acid, 
act  on  silver,  hydrogen  being  evolved  ;  but  this  action  soon  stops, 
owing  to  the  halogen  compounds  of  silver  being  insoluble  in  water  and 
only  very  slightly  soluble  in  acids ;  they  therefore  preserve  the  remaining 
mass  of  metal  from  the  further  action  of  the  acid  ;  in  consequence  of 
this  the  action  of  the  halogen  acids  is  only  distinctly  seen  with  finely- 
divided  silver.  Sulphuric  acid  acts  on  silver  in  the  same  manner  that 
it  does  on  copper,  only  it  must  be  concentrated  and  at  a  higher 
temperature.    Sulphurous  anhydride,  and  not  hydrogen,  is  then  evolved. 
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but  there  is  no  action  at  the  ordinary  temperature,  even  in  the  presence 
of  air.  Among  the  various  salts,  sodium  chloride  (in  the  presence  of 
moisture,  air,  and  carbonic  acid)  and  potassium  cyanide  (in  the  presence 
of  air)  act  on  silver  more  decidedly  than  any  others,  converting  it  respec- 
tively into  silver  chloride  and  a  double  cyanide. 

Although  silver  does  not  directly  combine  with  oxygen,  still  three 
different  grades  of  combination  with  oxygen  may  be  obtained  indi- 
rectly from  the  salts  of  silver.  They  are  all,  however,  unstable,  and 
decompose  into  oxygen  and  metallic  silver  when  ignited.  These  three 
oxides  of  silver  have  the  following  composition  :  silver  suboxide^ 
Ag40,^^  corresponding  with  the  (little  investigated)  suboxides  of  the 
alkali  metals  ;  silver  oxide,  Ag^O,  corresponding  with  the  oxides  of  the 
alkali  metals  and  the  ordinary  salts  of  silver,  AgX  ;  and  silver  peroxide, 
AgO,^^  bis  Qj.^  judging  from  Berthelot's  researches,  Ag.jOg.  Silver'  oxide 
is  obtained  as  a  brown  precipitate  (which  when  dried  does  not  contain 
water)  by  adding  potassium  hydroxide  to  a  solution  of  a.  silver  salt — 
for  example,  of  silver  nitrate.     The  precipitate  formed  seems,  however, 

1^  Silver  suboxide  (Ag^O)  or  argentous  cxide  is  obtained  from  argentic  citrate  by 
heating  it  to  100°  in  a  stream  of  liydro<^fen.  "Water  and  argentous  citrate  are  then 
formed,  and  the  latter,  although  but  slightly  soluble  in  water,  gives  a  reddish- 
brown  solution  of  colloid  silver  (Xote  18),  and  when  boiled  this  solution  becomes 
colourless  and  deposits  metallic  silver,  the  argentic  salt  being  again  formed.  "Wohler, 
who  discovered  this  oxide,  obtained  it  as  a  black  precipitate  by  adding  potassium 
hydroxide  to  the  above  solution  of  argentous  citrate.  "NVith  hydrochloric  acid  the 
suboxide  gives  il  brown  compound,  AgoCl.  Since  the  discovery  of  soluble  silver  the 
above  data  cannot  be  regarded  a^  perfectly  trustworthy  ;  it  is  probable  that  a  mixture  of 
Ago  and  AgoO  was  being  dealt  with,  so  that  the  actual  existence  of  Ag40  is  now 
doubtful,  but  there  can  be  no  doubt  as  ti»  the  formation  of  a  subchloride,  AggCl  [see 
Note  25),  corresponding  to  the  suboxide.  The  same  compound  is  obtained  by  the  action 
of  light  on  the  higher  chloride.  Other  acids  do  not  combine  with  silver  suboxide,  but 
convert  it  into  an  argentic  salt  and  metallic  silver.  In  this  respect  cuprous  oxide 
presents  a  certain  resemblance  to  these  suboxides.  But  copper  forms  a  suboxide  of 
the  composition  CU4O,  wliich  is  obtained  by  the  action  of  an  alkaline  solution  of 
stannous  oxide  on  cupric  hydroxide,  and  is  decomposed  by  acids  into  cupric  salts  and 
metallic  copper.  The  problems  offered  by  the  suboxides,  as  well  as  by  the  peroxides, 
cannot  be  considered  as  fully  solved. 

^^  ^''^^  Silver  ^peroxide,  AgO  or  Ag.^O^,  is  obtained  by  the  decomposition  of  a  dilute 
{10  p.c.)  solution  of  silver  nitrate  by  the  action  of  a  galvanic  current  (Hitter).  On  the 
positive  pole,  where  oxygen  is  iisually  evobed  in  the  decomposition  of  salts,  brittle  grey 
needles  with  a  metallic  lustre,  which  occasionally  attain  a,  somewhat  considerable  size, 
are  then  formed.  They  are  insoluble  in  water,  and  decompose  with  the  evolution  of 
oxygen  when  they  are  dried  and  heated,  especially  up  to  150°,  and,  like  lead  dioxide, 
barium  peroxide,  itc,  their  action  is  strongly  oxidising.  Wlien  treated  with  acids,  oxygen 
is  evolved  and  a  salt  of  the  oxide  formed.  Silver  peroxide  absorbs  sulphurous  anhydride 
and  forms  silver  sulphate.  Hydrochloric  acid  evolves  chlorine  ;  ammonia  reduces  the 
silver,  and  is  itself  oxidised,  forming  water  and  gaseous  nitrogen.  Analyses  of  the  above- 
mentioned  crystals  show  that  they  contain  silver  nitrate,  peroxide,  and  water.  According 
to  Fisher,  they  have  the  composition  4AgO,AgN05,H.20,  aud,  according  to  Berthelot, 
4Ago05,2AgN03,H.,0. 
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^^,  to  be  an  hydroxide,  AgHO,  i.e.  AgNOg  +  KHO  =  KNO3  ■*  AgHO, 
and  the  formation  of  the  anhydrous  oxide,  2AgH0  =:  AgjO  +  HoO, 
may  be  compared  with  the  formation  of  the  anhydrous  cupric  oxide  by 
the  action  of  potassium  hydroxide  on  hot  cupric  solutions.  Silver 
hydroxide  decomposes  into  water  and  silver  oxide,  even  at  low 
temperatures  ;  at  least,  the  hydroxide  no  longer  exists  at  60°,  but 
forms  the  anhydrous  oxide,  AgjO.'^*"  Silver  oxide  is  almost 
insoluble  in  water  ;  but,  nevertheless,  it  is  undoubtedly  a  rather 
powerful  basic  oxide,  because  it  displaces  the  oxides  of  many  metals 
from  their  soluble  salts,  and  saturates  such  acids  as  nitric  acid, 
forming  with  them  neutral  salts,  which  do  not  act  on  litmus  paper.^" 
Undoubtedly  water  dissolves  a  small  quantity  of  silver  oxide, 
which  explains  the  possibility  of  its  action  on  solutions  of  salts — for 
example,  on  solutions  of  cupric  salts.  Water  in  which  silver  oxide 
is  shaken  up  has  a  distinctly  alkaline  reaction.  The  oxide  is  dis- 
tinguished by  its  great  instability  when  heated,  so  that  it  loses  all  its 
oxygen  when  slightly  heated.  Hydrogen  reduces  it  at  about  80°.^"  •>'* 
The  feebleness  of  the  aflfinity  of  silver  for  oxygen  is  shown  by  the  fact 
that  silver  oxide  decomposes  under  the  action  of  light,  so  that  it  must  be 
kept  in  opaque  vessels.  The  silver  salts  are  colourless  and  decompose 
when  heated,  leaving  metallic  silver  if  the  elements  of  the  acid  are 
volatile.^"*"  They  have  a  peculiar  metallic  taste,  and  are  exceedingly 
poisonous  ;  the  majority  of  them  are  acted  on  by  light,  especially  in 
the  presence  of  organic  substances,  which  are  then  oxidised.  The 
alkaline  carbonates  give  a  white  precipitate  of  silver  carbonate, 
Ag2C0g,  which  is  insoluble  in  water,  but  soluble  in  ammonia  and 
ammonium  carbonate.  Aqueous  ammonia,  added  to  a  solution  of  a 
normal  silver  salt,  first  acts  like  potassium  hydroxide,  but  the  precipitate 
dissolves   in   an  excess  of  the  reagent,  like  the  precipitate  of  cupric 

^^  '^"^  According  to  Carey  Lea,  however,  oxide  of  silver  still  retains  water  even  at  100°, 
and  only  parts  with  it  together  with  the  oxygen.  Oxide  of  silver  is  used  for  colouring 
glass  yellow. 

™  The  reaction  of  Pb(OH)o  upon  AgHO  in  the  presence  of  NaHO  leads  to  the 
formation  of  a  compound  of  both  oxides,  PbOHAg20,  from  which  the  oxide  of  lead 
cannot  be  removed  by  alkalies  (Wiihler,  Leton).  Woliler,  Welch,  and  others  obtained 
crystalline  double  salts,  BjAgXs,  by  the  action  of  strong  solutions  of  liX  of  the  halogen 
salts  of  the  alkaline  metals  upon  AgX,  where  E,  =  Cs,  Rb,  K. 

20  bis  According  to  Miiller,  ferric  oxide  is  reduced  by  hydrogen  {see  Chapter  XXII., 
Note  5)  at  295°  (into  what  ?),  cupric  oxide  at  110°,  Ni.,0;;;  at  150°  ;  nickelous  oxide,  NiO, 
is  reduced  to  the  suboxide,  NijO,  at  195°,  and  to  nickel  at  270' ;  zinc  oxide  requires  so 
high  a  temperature  for  its  reduction  that  the  glass  tube  in  which  Miiller  conducted  the 
experiment  did  not  stand  the  heat ;  antimony  oxide  requires  a  temperature  of  215°  for 
its  reduction  ;  yellow  mercuric  oxide  is  reduced  at  130°  and  the  red  oxide  at  230°  ;  silver 
oxide  at  85°,  and  platinum  oxide  even  at  the  ordinary  temperature. 

20tri  A  silica  compound,  Ag^OSiOj  is  obtained  by  fusing  AgNO^  with  tilica;  this  salt 
is  able  to  decompose  with  the  evolution  of  oxygen,  leaving  Ag-i-  Si02. 
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hydroxide.^'  Silver  oxalate  and  the  halogen  compounds  of  silver  are 
insoluble  in  water ;  hydrochloric  acid  and  soluble  chlorides  give, 
as  already  repeatedly  observed,  a  white  precipitate  of  silver  chloride 
in  solutions  of  silver  salts.  Potassium  iodide  gives  a  yellowish 
precipitate  of  silver  iodide.  Zinc  separates  all  the  silver  in  a  metallic 
form  from  solutions  of  silver  salts.  Many  other  metals  and  reducing 
agents — for  example,  organic  substances — also  reduce  silver  from  the 
solutions  of  its  salts. 

Silver  nitrate,  AgNOj,  is  known  by  the  name  of  lunar  caustic 
(or  lapis  infernaUs)  ;  it  is  obtained  by  dissolving  metallic  silver 
in  nitric  acid.  If  the  silver  be  impure,  the  resultant  solution  will 
contain  a  mixture  of  the  nitrates  of  copper  and  silver.  If  this  mixture 
be  evaporated  to  dryness  and  the  residue  carefully  fused  at  an 
incipient  red  heat,  all  the  cupric  nitrate  is  decomposed,  whilst  the 
greater  part  of  the  silver  nitrate  remains  unchanged.  On  treating 
the  fused  mass  with  water  the  latter  is  dissolved,  whilst  the  cupric 
oxide  remains  insoluble.  If  a  certain  amount  of  silver  oxide  be  added 
to  the  solution  containing  the  nitrates  of  silver  and  copper,  it  displaces 
all  the  cupric  oxide.  In  this  case  it  is  of  course  not  necessary  to  take 
pure  silver  oxide,  but  only  to  pour  off  some  of  the  solution  and  to  add 
potassium  hydroxide  to  one  portion,  and  to  mix  the  resultant  pre- 
cipitate of  the  hydroxides,  Cu(0H)2  and  AgOH,  with  the  remaining 
portion. '^^     By  these  methods  all  the  copper  can  be  easily  removed  and 

-'  If  a  solution  of  a  siber  salt  be  precipitated  by  sodium  hydroxide,  and  aqueous 
ammonia  is  added  drop  by  drop  until  tlie  precipitate  is  completely  dissolved,  the 
liquid  when  evaporated  deposits  a  violet  mass  of  crystalline  silver  oxide.  If  moist  silver 
oxide  be  left  in  a  strong  solution  of  ammonia  it  gives  a  black  mass,  which  easily  decom- 
poses with  ii,  loud  explosion,  especially  when  struck.  This  black  substance  is  called 
fulminating  silver.  Probably  this  is  a  compound  like  the  other  compounds  of  oxides 
with  ammouia,  and  in  exploding  the  oxygen  of  the  silver  oxide  forms  water  with  the 
hydrogen  of  the  ammonia,  which  is  naturally  accompanied  by  the  evolution  of  heat  and 
formation  of  gaseous  nitrogen,  or,  as  Raschig  states,  fulminating  silver  contains  NAg-  or 
one  of  the  amides  (for  instance,  NHAgo  =  NH3  +  AgoO  —  H.iO).  Fulminating  silver  is  also 
formed  when  potassium  hydroxide  is  added  to  a  solution  of  silver  nitrate  in  ammouia. 
The  dangerous  explosions  which  are  produced  by  this  compound  render  it  needful  tliat 
great  care  be  taken  when  salts  of  silver  come  'into  contact  with  ammonia  and  alkalis 
(see  Chapter  SVI.,  Note  26). 

^-  So  that  we  here  encounter  the  following  phenomena  :  copper  displaces  silver  from 
the  solutions  of  its  salts,  and  silver  oxide  displaces  copper  oxide  from  cupric  salts. 
Guided  by  the  conceptions  enunciated  in  Chapter  XV.,  we  can  account  for  this  in  the 
following  manner:  The  atomic  volume  of  silver  =  10'3,  and  of  copper  =  7*2,  of  silver 
oxide  =  32,  and  of  copper  oxide  =  13.  A  greater  contraction  has  taken  place  in  the  for- 
mation of  cupric  oxide,  CuO,  than  in  the  formation  of  silver  oxide,  AggO,  since  in  the 
former  (13  —  7  =  6)  the  volume  after  combination  with  the  oxygen  has  increased  by  very 
little,  whilst  the  volume  of  silver  oxide  is  considerably  greater  than  that  of  the  metal  it 
contains  [32  — (2  x  10'3)  =  11'4].  Hence  silver  oxide  is  less  compact  than  cupric  oxide, 
and  is  therefore  less  stable  ;  but,  on  the  other  hand,  there  are  greater  intervals 
between  the  atoms  in  silver  oxide  than  in  cupric  oxide,  and  therefore  silver  oxide  is  able  to 
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pure  silver  nitrate  obtained  (its  solutionis  colourless,  while  the  presence 
of  Cu  renders  it  blue),  which  may  be  ultimately  purified  by  crystallisa- 
tion. It  crystallises  in  colourless  transparent  prismatic  plates,  which 
are  not  acted  on  by  air.  They  are  anhydrous.  Its  sp.  gr.  is  4'34  ;  it 
dissolves  in  half  its  weight  of  water  at  the  ordinary  temperature.^^*'* 
The  pure  salt  is  not  acted  on  by  light,  but  it  easily  acts  in  an  oxidising 
manner  on  the  majority  of  organic  substances,  which  it  generally 
blackens.  This  is  due  to  the  fact  that  the  organic  substance  is  oxidised 
by  the  silver  nitrate,  which  is  reduced  to  metallic  silver  ;  the  latter  is 
thus  obtained  in  a  finely-divided  state,  which  causes  the  black  stain. 
This  peculiarity  is  taken  advantage  of  for  marking  linen.  Silver  nitrate 
is  for  the  same  reason  used  for  cauterising  wounds  and  various  growths 
on  the  body.  Here  again  it  acts  by  virtue  of  its  oxidising  capacity  in 
destroying  the  organic  matter,  which  it  oxidises,  as  is  seen  from  the 
separation  of  a  coating  of  black  metallic  powdery  silver  from  the  part 
cauterised. ^^  *'''  From  the  description  of  the  preparation  of  silver  nitrate 
it  will  have  been  seen  that  this  salt,  which  fuses  at  218°,  does  not 

give  more  stable  compounds  than  those  of  copper  oxide.  This  is  verified  by  the  figures 
and  data  of  their  reactions.  It  is  impossible  to  calculate  for  cupric  nitrate,  because  this 
salt  has  not  yet  been  obtained  in  an  anhydrous  state ;  but  the  sulphates  of  both  oxides 
are  known.  The  specific  gravity  of  copper  sulphate  in  an  anhydrous  state  is  3'53,  and  of 
silver  sulphate  5"36 ;  the  molecular  volume  of  the  former  is  45,  and  of  the  latter  58. 
The  group  SO5  in  the  copper  occupies,  as  it  were,  a  volume  45  — 13  =  o2,  and  in  the  silver 
salt  a  volume  58  — 32  =  26 ;  hence  a  smaller  contraction  has  taken  place  in  the  formation 
of  the  copper  salt  from  the  oxide  than  in  the  formation  of  the  silver  salt,  and  conse- 
quently the  latter  should  be  more  stable  than  the  former.  Hence  silver  oxide  is 
able  to  decompose  the  salt  of  copper  oxide,  whilst  with  respect  to  the  metals  both  salts 
have  been  formed  with  an  almost  identical  contraction,  since  58  volumes  of  the  silver 
salt  contain  21  volumes  of  metal  (difference  =  37),  and  45  volumes  of  the  copper  salt 
contain  7  volumes  of  copper  (difference  =  38).  Besides  which,  it  must  be  observed  that 
copper  oxide  displaces  iron  oxide,  just  as  silver  oxide  displaces  copper  oxide.  Silver, 
copper,  and  iron,  in  the  form  of  oxides,  disx^lace  each  other  in  the  above  order,  but  in  the 
form  of  metals  in  a  reverse  order  (iron,  copper,  silver).  The  cause  of  this  order  of  the 
displacement  of  the  oxides  lies,  amongst  other  things,  in  their  composition.  They  have 
the  composition  Ag  ,0,  CuaOj,  Fe^O-^ ;  the  oxide  containing  a  less  j)roportion  of  oxygen 
displaces  that  containing  a  larger  proportion,  because  the  basic  character  diminishes 
with  the  increase  of  contained  oxygen. 

Copper  also  displaces  mercury  from  its  salts.  It  may  here  be  remarked  that  Spring 
(1888),  on  leaving  a  mixture  of  dry  mercurous  chloride  and  copper  for  two  hours, 
observed  a  distinct  reduction,  which  belongs  to  the  category  of  those  phenomena  which 
demonstrate  the  existence  of  a  mobility  of  parts  {i.e.  atoms  and  molecules)  in  solid  sub- 
stances. 

22  bis  Ti-ig  reaction  of  1  part  by  weight  of  AgNGj  requires  (according  to  Kremers)  the 
following  amounts  of  water :  at  0°,  0-82  part,  at  lD°-5,  0'41  part,  at  54°,  0-20  part, 
at  110^,  0-09  part,  and,  according  to  Tilden,  at  125°,  0-0017  part,  and  at  183°,  0-0515 
part. 

-^  "■'  It  may  be  remarked  that  the  black  stain  produced  by  the  reduction  of  metallic 
silver  disappears  under  the  action  of  a  solution  of  mercuric  chloride  or  of  potassium 
cyanide,  because  these  salts  act  on  finely-divided  silver. 
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decompose  at  an  incipient  red  heat  ;  when  cast  into  sticks  it  is  usually 
employed  for  cauterising.  On  further  heating,  the  fused  salt  undergoes 
decomposition,  first  forming  silver  nitrite  and  then  metallic  silver. 
With  ammonia,  silver  nitrate  forms,  on  evaporation  of  the  solution, 
colourless  crystals  containing  AgN03,2HN3  (Marignac).  In  general 
the  salts  of  silver,  like  cuprous,  cupric,  zinc,  &c.  salts,  are  able  to  give 
several  compounds  with  ammonia  ;  for  example,  silver  nitrate  in  a  dry 
state  absorbs  three  molecules  (Rose).  The  ammonia  is  generally  easily 
expelled  from  these  compounds  by  the  action  of  heat. 

Nitrate  of  silver  easily  forms  double  salts  like  AgN032NaN03  and 
AgNOjKNOs.  Silver  nitrate  under  the  action  of  water  and  a  halogen 
gives  nitric  acid  (see  Vol.  I.  p.  280,  formation  of  NjOj),  a  halogen  salt  of 
silver,  and  a  silver  salt  of  an  oxygen  acid  of  the  halogen.  Thus,  for 
example,  a  solution  of  chlorine  in  water,  when  mixed  with  a  solution  of 
silver  nitrate,  gives  silver  chloride  and  chlorate.  It  is  here  evident  that 
the  reaction  of  the  silver  nitrate  is  identical  with  the  reaction  of  the 
caustic  alkalis,  as  the  nitric  acid  is  all  set  free  and  the  silver  oxide  only 
reacts  in  exactly  the  same  way  in  which  aqueous  potash  acts  on  free 
chlorine.  Hence  the  reaction  may  be  expressed  in  the  following 
manner  :  6AgN03  +  SCl^  +  3H,,0  =  .5AgCl  +  AgClOj  +  6NHO3. 

Silver  nitrate,  like  the  nitrates  of  the  alkalis,  does  not  contain  any 
water  of  crystallisation.  Moreover  the  other  salts  of  silver  almost 
always  separate  out  without  any  water  of  crystallisation.  The  silver 
salts  are  further  characterised  by  the  fact  that  they  give  neither 
basic  nor  acid  salts,  owing  to  which  the  formation  of  silver  salts 
generally  forms  the  means  of  determining  the  true  composition  of 
acids — thus,  to  any  acid  H„X  there  corresponds  a  salt  Ag„X — for 
instance,  Ag3P04  (Chapter  XIX.,  Note  15). 

Silver  gives  insoluble  and  exceedingly  stable  compounds  with  the 
halogens.  They  are  obtained  by  double  decomposition  with  great 
facility  whenever  a  silver  salt  comes  in  contact  with  halogen  salts. 
Solutions  of  nitrate,  sulphate,  and  all  other  kindred  salts  of  silver  give 
a  precipitate  of  silver  chloride  or  iodide  in  solutions  of  chlorides  and 
iodides  and  of  the  halogen  acids,  because  the  halogen  salts  of  silver  are 
insoluble  both  in  water  ^'  and  in  other  acids.     Silver  chloride,  AgCl,  is 

^^  Silver  chloride  is  almost  perfectly  insoluble  in  water,  but  is  somewhat  soluble  in 
water  containing  sodium  chloride  or  hydrochloric  acid,  or  other  chlorides,  and  many  salts, 
in  solution.  Thus  at  100°,  100  parts  of  water  saturated  with  sodium  chloride  dissolve 
0*4  part  of  silver  chloride.  Bromide  and  iodide  of  silver  are  less  soluble  in  this  respect, 
as  also  in  regard  to  other  solvents.  It  should  be  remarked  that  silver  chloride  dissolves 
in  solutions  of  ammonia, potassium  cyanide,  and  of  sodium  thio sulphate,  Na2S205. 
Silver  bromide  is  almost  perfectly  analogous  to  the  chloride,  but  silver  iodide  is  nearly 
insoluble  in  a  solution  of  ammonia.     Silver  chloride  even  absorbs  dry  ammonia  gas. 
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then  obtained  as  a  white  flocculent  precipitate,  silver  bromide  forms  a 
yellowish  precipitate,  and  silver  iodide  has  a  very  distinct  yellow 
colour.  These  halogen  compounds  sometimes  occur  in  nature  ;  they 
are  formed  by  a  dry  method— by  the  action  of  halogen  compounds  on 
silver  compounds,  especially  under  the  influence  of  heat.  Silver  chlo- 
ride easily  fuses  at  451°  on  cooling  from  a  molten  state-  it  forms 
a  somewhat  soft  horn-like  mass  which  can  be  cut  with  a  knife 
and  is  known  as  horn  silver.  It  volatilises  at  a  higher  tempera- 
ture. Its  ammoniacal  solution,  on  the  evaporation  of  the  ammonia, 
deposits  crystalline  chloride  of  silver,  in  octahedra.  Bromide  and 
iodide  of  silver  also  appear  in  forms  of  the  regular  system,  so  that  in 
this  respect  the  halogen  salts  of  silver  resemble  the  halogen  salts  of  the 
alkali  metals.^* 

forming  very  unstable  ammoniacal  componnclfs.  When  heated,  these  compounds  (Vol.  I. 
p.  250,  Note  8)  evolve  the  ammonia,  as  thej^  also  do  under  the  action  of  all  acids.  Silver 
chloride  enters  into  double  decomposition  with  potassium  cyanide,  forming  a  soluble 
double  cyanide,  which  we  shall  presently  describe  ;  it  also  fomis  a  soluble  double  salt, 
NaAgS^Os,  with  sodium  thiosulphate. 

Silver  chloride  oSers  different  modifications  in  the  structure  of  its  molecule,  as  is  seen 
in  the  variations  in  the  consistency  of  the  precipitate,  and  in  the  differences  in  the  action 
of  light  which  partially  decomposes  AgCl  {see  Note  25).  Stas  and  Carey  Lea  investigated 
this  subject,  which  has  a  particular  importance  in  photography,  because  silver  bromide 
also  gives  photo-salts.  There  is  still  much  to  be  discovered  in  this  respect,  since  Abney 
showed  that  perfectly  dry  AgCl  placed  in  a  vacuum  in  the  dark  is  not  in  the  least  acted 
upon  when  subsequently  exposed  to  light. 

^*  Silver  hroviide  and  iodide  (which  occur  as  the  minerals  bromite  and  iodite) 
resemble  the  chloride  in  many  respects,  but  the  degree  of  affinity  of  silver  for  iodine  is 
greater  than  that  for  chlorine  and  bromine,  although  less  heat  is  evolved  {see  Note  28  bis). 
Deville  deduced  this  fact  from  a  number  of  experiments.  Thus  silver  chloride,  when 
treated  with  hydriodic  acid,  evolves  hydrochloric  acid,  and  forms  silver  iodide.  Finely- 
divided  silver  easily  liberates  hydrogen  when  treated  with  hydriodic  acid ;  it  produces 
the  same  decomposition  with  hydrochloric  acid,  but  in  a  considerably  less  degree  and 
only  on  the  surface.  The  difference  between  silver  cliloride  and  iodide  is  especially 
remarkable,  since  the  formation  of  the  former  is  attended  with  a  greater  contraction 
than  that  of  the  latter.  The  volume  of  AgCl  =  26  ;  of  chlorine  27,  of  silver  10,  the  sum 
=  37,  hence  a  contraction  has  ensued;  and  in  the  formation  of  silver  iodide  an  expansion 
takes  place,  for  the  volume  of  Ag  is  10,  of  I  26,  and  of  Agl  39  instead  of  36  (density, 
AgCl,  5"59  ;  Agl,  5'67).  The  atoms  of  chlorine  have  united  with  the  atoms  of  silver 
without  moving  asunder,  whilst  the  atoms  of  iodine  must  have  moved  apart  in 
combining  with  the  silver.  It  is  otherwise  with  respect  to  the  metal ;  the  distance 
between  its  atoms  in  the  metal  =  2*2,  in  silver  chloride  =  3'0,  and  in  silver  iodide 
=  3"5;  hence  its  atoms  have  moved  asunder  considerably  in  both  cases.  It  is  also  very 
remarkable,  as  Fizeau  observed,  that  the  density  of  silver  iodide  increases  with  a  rise  of 
temperature — that  is,  a  contraction  takes  place  when  it  is  heated- and  an  expansion  when 
it  18  cooled. 

In  order  to  explain  the  fact  that  in  silver  compounds  the  iodide  is  more  stable  than  ■ 
the  chloride  and  oxide,  Professor  N.  N.  Beketoff,  in  his  '  Researches  on  the  Phenomena 
of  STibstitutions  '  (Kharkoff,  1865),  proposed  the  following  original  hypothesis,  which  we 
will  give  in  almost  the  words  of  the  author: — In  the  case  of  aluminium,  the  oxide,  AI2O5, 
is  more  stable  than  the  chloride,  Al2Cl,i,  and  the  iodide,  AI2I6.  In  the  oxide  the  amount 
of  the  metal  is  to  the  amount  of  the  element  combined  with  it  as  54*8  (Al  =  27"3)  is  to  48, 
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Silver  chloride  may  be  decomposed,  with  the   separation  of  silver 
oxide,    by  heating  it  with  a  solution  of  an  alkali,  and   if  an  organic 

or  in  th.e  ratio  11'2  :  100  ;  for  the  chloride  the  ratio  i8  =  25  :  100  ;  for  the  iodide  it  =  7  :  100. 
In  the  case  of  silver  the  oxide  fratio  =  lB50  :  100)  is  less  stable  than  the  cliloride  (ratio 
=  304  :  100),  and  the  iodide  (ratio  of  the  weight  of  metal  to  the  weight  of  the  halogen 
=  85  :  100)  is  the  most  stable.  From  these  and  similar  examples  it  follows  that  the  most 
stable  compounds  are  those  in  which  the  weights  of  the  combined  substances  are  equal. 
This  may  be  partly  explained  by  the  attraction  of  similar  molecules  even  after  their 
having  passed  into  combination  with  others.  This  attraction  is  proportional  to  the 
product  of  the  acting  masses.  In  silver  oxide  the  attraction  of  Ag.2  for  Ag2  =  216  x  216 
=  46,656,  and  the  attraction  of  Ag2  for  0  =  216  x  16  =  3,456,  The  attraction  of  like  mole- 
cules thus  counteracts  the  attraction  of  the  unlike  molecules.  The  former  naturally 
does  not  overcome  the  latter,  otherwise  there  would  be  a  disruption,  but  it  nevertheless 
diminishes  the  stability.  In  the  case  of  an  equality  or  proximity  of  the  magnitude  of 
the  combining  masses,  the  attraction  of  the  like  parts  will  counteract  the  stability  of  the 
compound  to  the  least  extent — in  other  words,  with  an  inequality  of  the  combined  masses, 
the  molecules  have  an  inclination  to  return  to  an  elementary  state,  to  decompose,  which 
does  not  exist  to  such  an  extent  where  the  combined  masses  are  equal.  There  is,  there- 
fore, a  tendency  for  large  masses  to  combine  with  large,  and  for  small  masses  to  combine 
with  small.  Hence  Ag^O  +  SKI  gives  KaO  +  SAgl.  The  influence  of  an  equality  of 
masses  on  the  stability  is  seen  particularly  clearly  in  the  effect  of  a  rise  of  temperature. 
Argentic,  mercuric,  auric  and  other  oxides  composed  of  unequal  masses,  are  somewhat 
readily  decomposed  by  heat,  whilst  the  oxides  of  the  lighter  metals  (like  water)  are  not  so 
easily  decomposed  by  heat.  Silver  chloride  and  iodide  approach  the  condition  of 
equality,  and  are  not  decomposed  by  heat.  The  most  stable  oxides  under  the  action  of 
heat  are  those  of  magnesium,  calcium,  silicon,  and  aluminium,  since  they  also  approach 
the  condition  of  equality.  For  the  same  reason  hydriodic  acid  decoiuposes  with  greater 
facility  than  hydrochloric  acid.  Chlorine  does  not  act  on  magnesia  or  alumina,  but  it 
acts  on  lime  and  silver  oxide,  &c.  This  is  partially  explained  by  the  fact  that  by  con- 
sidering heat  as  a  mode  of  motion,  and  knowing  that  the  atom.ic  heats  of  the  free  elements 
are  equal,  it  must  be  supposed  that  the  amount  of  the  motion  of  atoms  (their  vis  viva)i6 
equal,  and  as  it  is  equal  to  the  product  of  the  mass  (atomic  weight)  into  the  square  of  the 
velocity,  it  follows  that  the  greater  the  combining  weight  the  smaller  will  be  the  square 
of  the  velocity,  and  if  the  combining  weights  be  nearly  equal,  then  the  velocities  also  will 
be  nearly  equal.  Hence  the  greater  the  difference  between  the  weights  of  the  combined 
atoms  the  greater  will  be  the  difference  between  their  velocities.  The  difference  between 
the  velocities  mil  increase  with  the  temperature,  and  therefore  the  temperature  of  de- 
composition will  be  the  sooner  attained  the  greater  be  the  original  difference — that  is, 
the  greater  the  difference  of  the  weights  of  the  combined  substances.  The  nearer  these 
weights  are  to  each  other,  the  more  analogous  the  motion  of  the  unlike  atoms,  and  con- 
sequently, the  more  stable  the  resultant  compoiuad. 

The  instability  of  cupric  chloride  and  nitric  oxide,  the  absence  of  componnds  of  fluorine 
with  oxygen,  whilst  there  are  compounds  of  oxygen  with  chlorine,  the  greater  stability  of 
the  oxygen  compounds  of  iodine  than  those  of  chlorine,  the  stability  of  boron  nitride,  and 
the  instability  of  cyanogen,  and  anumber  of  similar  instances,  where,  judging  from  the  above 
argument,  one  would  expect  (owing  to  the  closeness  of  the  atomic  weights)  a  stability, 
show  that  Beketoff's  addition  to  the  mechanical  theory  of  chemical  phenomena  is  still 
far  from  sufficient  for  explaining  the  true  relations  of  affinities.  Nevertheless,  in  his 
m,ode  of  explaining  the  relative  btabilities  of  compounds,  we  find  an  exceedingly  intarest- 
ing  treatment  of  questions  of  primary  importance.  Without  such  efforts  it  would  be 
impossible  to  generalise  the  complex  data  of  experimental  knowledge. 

Fluoride  of  silver,  AgF,  is  obtained  by  dissolving  Ag.^O  or  AgjCO-  in  hydrofluoric  acid. 
It  differs  from  the  other  halogen  salts  of  silver  in  being  soluble  in  water  (1  part  of  salt  in 
0-55  of  water).  It  crystallises  from  its  solution  in  prisms,  AgFH^OfMarignac),  or  AgF2H^0 
(Pfaundler),  which  lose  their  water  in  vacuo.     Gilntz  (1891),  by  electrolising  a  saturated 
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substance  be  added  to  the  alkali  the  chloride  can  easily  be  reduced  to 
metallic  silver,  the  silver  oxide  being  reduced  in  the  oxidation  of  the 
organic  substance.  Iron,  zinc,  and  many  other  metals  reduce  silver 
chloride  in  the  presence  of  water.  Cuprous  and  mercurous  chlorides 
and  many  organic  substances  are  also  able  to  reduce  the  silver  from 
chloride  of  silver.  This  shows  the  rather  easy  decomposability  of  the 
halogen  compounds  of  silver.  Silver  iodide  is  much  more  stable  in  this 
respect  than  the  chloride.  The  same  is  also  observed  with  respect  to 
the  action  of  light  upon  moist  AgCl.  White  silver  chloride  soon  acquires 
a  violet  colour  when  exposed  to  the  action  of  light,  and  especially 
under  the  direct  action  of  the  sun's  rays.  After  being  acted  upon 
by  light  it  is  no  longer  entirely  soluble  in  ammonia,  but  leaves 
metallic  silver  undissolved,  from  which  it  might  be  assumed  that  the 
action  of  light  consisted  in  the  decomposition  of  the  silver  chloride 
into  chlorine  and  metallic  silver  and  in  fact  the  silver  chloride  be- 
comes in  time  darker  and  darker.  Silver  bromide  and  iodide  are  much 
more  slowly  acted  on  by  light,  and,  according  to  certain  observations, 
when  pure  they  are  even  quite  unacted  on  ;  at  least  they  do  not  change 
in  weight,^*  *>'*  so  that  if  they  are  acted  on  by  light,  the  change  they 
undergo  must  be  one  of  a  change  in  the  structure  of  their  parts  and  not 
of  decomposition,  as  it  is  in  silver  chloride.  The  silver  chloride  under 
the  action  of  light  changes  in  weight,  which  indicates  the  formation  of 
a  volatile  product,  and  the  deposition  of  metallic  silver  on  dissolving 
in  ammonia  shows  the  loss  of  chlorine.  The  change  does  actually 
occur  under  the  action  of  light,  but  the  decomposition  does  not  go 
as  far  as  into  chlorine  and  silver,  but  only  to  the  formation  of  a  sub- 
chloride  of  silver,  AgjCl,  which  is  of  a  brown  colour  and  is  easily  de- 
composed into  metallic  silver  and  silver  chloride,  Ag.jCl  =  AgCl  -f-  Ag. 
This  change  of  the  chemical  composition  and  structure  of  the  halogen 
salts  of  silver  under  the  action  of  light  forms  the  basis  of  photography , 
because  the  halogen  compounds  of  silver,  after  having  been  exposed  to 
light,  give  a  precipitate  of  finely-divided  silver,  of  a  black  colour, 
when  treated  with  reducing  agents.^'^ 

solution  of  Ag2F,  obtained  jjo^j^yfuorif^e  of  slluer,  Ag.2F,  which  is  decomposed  by  water 
into  AgF  +  Ag.  It  is  also  formed  by  the  action  of  a  strong  solution  of  AgF  upon  finely- 
divided  (precipitated)  silver. 

24  bis  r£y^Q  changes  brought  about  by  the  action  of  light  necessitate  distinguishing  the 
photo-salts  of  silver. 

^^  In  photography  these  are  called  '  developers.'  The  most  common  developers  are  : 
solutions  of  ferrous  sulphate,  pyrogallol,  ferrous  oxalate,  hydroxylamine,  potassiimi  sul- 
phite, hydroquinone  (the  last  acts  particularly  well  and  is  very  convenient  to  use).  Sec.  The 
chemical  processes  of  photography  are  of  great  practical  and  theoretical  interest ;  but  it 
would  be  impossible  in  this  work  to  enter  into  this  special  branch  of  chemistry,  which  has  as 
yet  been  very  little  worked  out  from  a  theoretical  point  of  view.   Nevertheless,  wewill  pause 
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The   insolubility  of   the   halogen    compounds  of   silver   forms  the 

basis  of  many  methods  used  in  practical  chemistry.     Thus  by  means  of 

this  reaction  it  is  possible  to  obtain  salts  of  other  acids  from  a  halogen 

salt  of  a  given  metal,  for  instance,  RCI2  +  2AgN03=  R(N03)2  +  2AgCL 

The  formation  of  the  halogen  compounds  of  silver  is  very  frequently 

used  in  the  investigation  of  organic  substances  ;  for  example,  if  any 

product  of  metalepsis  containing  iodine  or  chlorine   be  heated  with  a 

silver  salt  or  silver  oxide,  the  silver  combines  with  the  halogen  and 

gives  a  halogen  salt,  whilst  the  elements  previously  combined  with  the 

silver  replace  the  halogen.    For  instance,  ethylene  dibromide,  C2H4Br2, 

is    transformed   into    ethylene   diacetate,   00114(0211302)2)  and  silver 

to  consider  certain  aspects  of  this  subject  which  are  of  a  purely  chemical  interest,  and 
especially  the  facts  concerning  subchloride  of  silver,  Ag2Cl  [see  Note  19),  and  the  photo- 
salts  (Note  23).  There  is  no  doubt  that  under  the  action  of  light,  AgCl  becomes  darker 
in  colour,  decreases  in  weight,  and  probably  forms  u  mixture  of  AgCl,  AgsCl,  and  Ag. 
But  the  isolation  of  the  subchloride  has  only  been  recently  accomplished  by  Giintz  by 
means  of  the  AgaF,  discovered  by  him  {see  Note  24)..  Many  chemists  (and  among  them 
Hodgkinson)  assumed  that  an  oxychloride  of  silver  was  formed  by  the  decomposition  of 
AgCl  under  the  action  of  light.  Carey  Lea's  (1889)  and  A.  Richardson's  (1891)  experimente 
showed  that  the  product  formed  does  not,  however,  contain  any  oxygen  at  all,  and  the 
change  in  colour  produced  by  the  action  of  light  upon  AgCl  is  most  probably  due  to  the 
formation  of  Ag^Cl.  This  substance  was  isolated  by  Giintz  (1891)  by  passing  HCl  over 
crystals  of  AgjF.  He  also  obtained  Agal  in  a  similar  manner  by  passing  HI,  and  Ag^S 
by  passing  HjS  over  Ag2F.  Ag^Cl  is  best  prepared  by  the  action  of  phosphorus  tri- 
chloride upon  Ag.jF.  At  the  temperature  of  its  formation  Ag.^Cl  has  an  easily  changeable 
tint,  with  shades  of  violet  red  to  violet  black.  Under  the  action  of  light  a  similar 
(isomeric)  substance  is  obtained,  which  splits  up  into  AgCl  +  Ag  when  heated.  With 
potassium  cyanide  Ag^Cl  gives  Ag-fAgCN -I- KCl,  whence  it  is  possible  to  calculate  the 
heat  of  formation  of  AgjCl ;  it  =  29'7,  whilst  the  heat  of  formation  of  AgCl  =  29'2 — i.e.  the 
reaction  2AgCl  =  Ag  .CI  4- CI  corresponds  to  an  absorption  of  28"7  major  calories.  If  we 
admit  the  formation  of  such  a  compound  by  the  action  of  light,  it  is  evident  that  the  energy 
of  the  light  is  consumed  in  the  above  reaction.  Carey  Lea  (1H92)  subjected  AgCl,  AgBr,  and 
Agl  to  a  pressure  (of  course  in  the  dark)  of  3,000  atmospheres,  and  to  trituration  with 
water  in  a  mortar,  and  observed  a  change  of  colour  indicating  incipient  decomposition, 
which  is  facilitated  under  the  action  of  light  by  the  molecular  cun-ents  set  up  (Lermontoff, 
EgorofE).  The  change  of  colour  of  the  halogen  salts  of  silver  under  the  action  of  light, 
and  their  faculty  of  subsequently  giving  a  visible  photographic  image  under  the  action  of 
'  developers,'  must  now  be  regarded  as  connected  with  the  decomposition  of  AgX,  leading 
to  the  formation  of  AgoX,  and  the  different  tinted  photo-salts  must  be  considered  as 
systems  containing  such  AggX's.  Carey  Lea  obtained  photo-salts  of  this  kind  not  only  by 
the  action  of  light  but  also  in  many  other  ways,  which  we  will  enumerate  to  prove  that 
they  contain  the  products  of  an  incomplete  com.bination  of  Ag  with  the  halogens,  (forthe 
salts  AgsX  must  be  regarded  as  such).  The  photo-salts  have  been  obtained  (1)  by  the 
imperfect  chlorination  of  silver  ;  (2)  by  the  incomplete  decomposition  of  AggO  or  Ag2C03 
by  alternately  heating  and  treating  with  a  halogen  acid  ;  (3)  by  the  action  of  nitric  acid 
or  Na.:.S.j05  upon  AggCl;  (4)  by  mixing  a  solution  of  AgNOs  with  the  hydrates  of  FeO, 
MnO  and  CrO,  and  precipitating  by  HCl ;  (5)  by  the  action  of  HCl  upon  the  product 
obtained  by  the  reduction  of  citrate  of  silver  in  hydrogen  (Note  19),  and  (6)  by  the  action 
of  milk  sugar  upon  AgNOs  together  with  soda  and  afterwards  acidulating  with  HCl.  All 
these  reactions  should  lead  to  the  formation  of  products  of  imperfect  combination  with 
the  halogens  and  give  photo-salts  of  a  similar  diversity  of  colour  to  those  produced 
by  the  action  of  developers  upon  the  halogen  salts  of  silver  after  exposure  to  light. 
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bromide  by  heating  it  with  silver  acetate,  2C2H3O2  Ag.  The  insoluliility 
of  tlie  halogen  compounds  of  silver  is  still  more  frequently  taken  ad- 
vantage of  in  determining  the  amount  of  silver  and  halogen  in  a  given 
solution.  If  it  is  required,  for  instance,  to  determine  the  quantity  of 
chlorine  present  in  the  form  of  a  metallic  chloride  in  a  given  solution, 
a  solution  of  silver  nitrate  is  added  to  it  so  long  as  it  gives  a  pre- 
cipitate. On  shaking  or  stirring  the  liquid,  the  silver  chloride  easily 
settles  in  the  form  of  heavy  flakes.  It  is  possible  in  this  way  to 
precipitate  the  whole  of  the  chlorine  from  a  solution,  without  adding 
an  excess  of  silver  nitrate,  since  it  can  be  easily  seen  whether  the 
addition  of  a  fresh  quantity  of  silver  nitrate  produces  a  precipitate  in 
the  clear  liquid.  In  this  manner  it  is  possible  to  add  to  a  solution 
containing  chlorine,  as  much  silver  as  is  required  for  its  entire  precipi- 
tation, and  to  calculate  the  amount  of  chlorine  previously  in  solution 
from  the  amount  of  the  solution  of  silver  nitrate  consumed,  if  the 
quantity  of  silver  nitrate  in  this  solution  has  been  previously  deter- 
mined.^''''^ The  atomic  proportions  and  preliminary  experiments  with 
a  pure  salt — for  example,  with  sodium  chloride — will  give  the  amount 
of  chlorine  from  the  quantity  of  silver  nitrate.  Details  of  these 
methods  will  be  found  in  works  on  analytical  chemistry.^''''' 

25  bis  jj^  order  to  determine  when  the  reaction  is  at  an  end,  a  few  drops  of  a  solution 
of  K2Cr04  are  added  to  the  solution  of  the  chloride.  Before  all  the  chlorine  is  precixaitated 
as  AgCl,  the  precipitate  {after  shaking)  is  white  {since  Ag2Cr0.j  with  2EC1  gives  2AgCl) ; 
but  when  all  the  chlorine  is  thrown  do%vn  Ag.,Cr04  is  formed,  which  colours  the  precipi- 
tate reddish-brown.  In  order  to  obtain  accurate  results  the  liquid  should  be  neutral 
to  litmus. 

-j '"  Silver  cyanide,  AgCN,  is  closely  analogous  to  the  haloid  salts  of  silver.  It  is 
obtained,  in  similar  manner  to  silver  chloride,  by  the  addition  of  potassium  cyanide  to 
silver  nitrate.  A  white  preciiDitate  is  then  formed,  which  is  almost  insoluble  in  boiling 
water.  It  is  also,  like  silver  chloride,  insoluble  in  dilute  acids.  However,  it  is  dissolved 
when  heated  with  nitric  acid,  and  both  hydriodic  and  hydrochloric  acids  act  on  it,  con- 
verting it  into  silver  chloride  and  iodide.  Alkalis,  however,  do  not  act  on  silver  cyanide, 
although  they  act  on  the  other  haloid  salts  of  silver.  Ammonia  and  solutions  of  the 
cyanides  of  the  alkali  metals  dissolve  silver  cyanide,  as  they  do  the  chloride.  In  the 
latter  case  double  cyanides  are  formed — for  example,  KAgC2N2.  This  salt  is  obtained  m 
a  crystalline  state  on  evaporating  a  solution  of  silver  cyanide  in  potassium  cyanide.  It 
is  much  more  stable  than  silver  cyanide  itself.  It  has  a  neutral  reaction,  does  not 
change  in  the  air,  and  does  not  smell  of  hydrocyanic  acid.  Many  acids,  in  acting  on  a 
solution  of  this  double  salt,  precipitate  the  insoluble  silver  cyanide.  Metallic  silver  dis- 
solves in  a  solution  of  potassium  cyanide  in  the  presence  of  air,  with  foi-mation  of 
the  same  double  salt  and  potassium  hydroxide,  and  when  silver  chloride  dissolves  in 
potassium  cyanide  it  forms  potassium  chloride,  besides  the  salt  KAgCoN,.  This  double 
salt  of  silver  is  used  in  silver  plating.  For  this  purpose  potassium  cyanide  is  added  to 
its  solution,  as  otherwise  silver  cyanide,  and  not  metallic  silver,  is  deposited  by  the 
electric  current.  If  two  electrodes — one  positive  {silver)  and  the  other  negative  (copper) — 
be  immersed  in  such  a  solution,  silver  will  be  deposited  upon  the  latter,  and  the 
silver  of  the  positive  electrode  will  be  dissolved  by  the  Uquid,  which  will  thus  preserve 
the  same  amount  of  metal  in  solution  as  it  originally  contained.  If  instead  of  the 
negative   electrode   a  copper  object  be   taken,   well   cleaned  from  all  dirt,  the  silver 
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Accurate  experiments,  and  more  especially  the  researches  of 
Stas  at  Brussels,  show  the  proportion  in  which  silver  reacts  with 
metallic  chlorides.  These  researches  have  led  to  the  determina- 
tion of  the  combining  tociglds  of  silver,  sodium,  potassium,  chlorine, 
bromine,  iodine,  and  other  elements,  and  are  distinguished  for  their 
model  exactitude,  and  we  will  therefore  describe  them  in  some  detail. 
As  sodium  chloride  is  the  chloride  most  generally  used  for  the  pre- 
cipitation of  silver,  since  it  can  most  easily  be  obtained  in  a  pure  state, 
we  will  here  cite  the  quantitative  observations  made  by  iStas  for  show- 
ing the  co-relation  between  the  quantities  of  chloride  of  sodium  and 
silver  which  react  together.     In  order  to  obtain  perfectly  pure  sodium 

will  be  deposited  in  an  even  coating ;  this,  indeed,  forms  the  mode  of  silver  plating  by 
the  wet  method,  which  is  most  often  used  in  practice.  A  solution  of  one  part  of  silver 
nitrate  in  30  to  50  parts  of  water,  and  mixed  with  a  sufficient  quantity  of  a  solution  of 
potassium  cyanide  to  redissolve  the  precipitate  of  silver  cyanide  formed,  gives  a  dull 
coating  of  silver,  but  if  twice  as  much  water  be  used  the  same  mixture  gives  a  bright 
coating. 

Silver  plating  in  the  wet  way  has  now  re^^laced  to  a  considerable  extent  the  old 
process  of  dry  silvering,  because  this  process,  which  consists  in  dissolving  silver  in 
mercury  and  applying  the  amalgam  to  the  surface  of  the  objects,  and  then  vaporising 
the  mercury,  offers  the  great  disadvantage  of  the  poisonous  mercury  fumes.  Besides 
these,  there  is  another  method  of  silver  plating,  based  on  the  direct  displacement  of 
silver  from  its  salts  by  other  metals — for  example,  by  copper.  The  copper  reduces  the 
silver  from  its  compounds,  and  the  silver  separated  is  deposited  upon  the  copper.  Thus 
a  solution  of  silver  chloride  in  sodium  thiosulphate  deposits  a  coating  of  silver  upon  a 
strip  of  copper  immersed  in  it.  It  is  best  for  this  purpose  to  take  pure  silver  sulphite. 
This  is  prepared  by  mixing  a  solution  of  silver  nitrate  with  an  excess  of  ammonia,  and 
adding  a  saturated  solution  of  sodium  sulphite  and  then  alcohol,  which  precipitates 
silver  sulphite  from  the  solution.  The  latter  and  its  solutions  are  very  easily  decomposed 
by  copper.  Metallic  iron  produces  the  same  decomposition,  and  iron  and  steel  articles 
may  be  very  readily  silver-plated  by  means  of  the  thiosulphate  solution  of  silver  chloride. 
Indeed,  copper  and  similar  metals  may  even  be  silver-plated  by  means  of  silver  chloride ; 
if  the  chloride  of  silver,  with  a  small  amount  of  acid,  be  rubbed  upon  the  surface  of  the 
copper,  the  latter  becomes  covered  with  a  coating  of  silver,  which  it  has  reduced. 

Silver  plating  is  not  only  applicable  to  metallic  objects,  but  also  to  glass,  china,  &c. 
Glass  is  silvered  for  various  purposes — for  example,  glass  globes  silvered  internally  are 
used  for  ornamentation,  and  have  a  mirrored  surface.  Common  looking-glass  silvered 
upon  one  side  forms  a  mirror  which  is  better  than  the  ordinary  mercury  mirrors,  owing 
to  the  truer  colours  of  the  image  due  to  the  whiteness  of  the  silver.  For  optical  in- 
struments— for  example,  telescopes — concave  mirrors  are  now  made  of  silvered  glass, 
which  has  first  been  ground  and  polished  into  the  required  form.  The  sil/veri/ng  of  glass 
is  based  on  the  fact  that  silver  which  is  reduced  from  certain  solutions  deposits  itself  uni- 
formly in  a  perfectly  homogeneous  and  continuous  but  very  thin  layer,  forming  a  bright 
reflecting  surface.  Certain  organic  substances  have  the  property  of  reducing  silver  in  this 
form.  The  best  known  among  these  are  certain  aldehydes — for  instance,  ordinary 
acetaldehyde,  C2H^0,  which  easily  oxidises  in  the  air  and  foi*ms  acetic  acid,  C^HiOj. 
This  oxidation  also  easily  takes  place  at  the  expense  of  silver  oxide,  when  a  certain  amount 
of  ammonia  is  added  to  the  mixture.  The  oxide  of  silver  gives  up  its  oxygen  to  the 
aldehyde,  and  the  silver  reduced  from  it  is  deposited  in  a  metallic  state  in  a  uniform 
bright  coating.  The  same  action  is  produced  by  certain  saccharine  substances  and 
certain  organic  acids,  such  as  tartaric  acid,  ttc. 
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chloride,  he  took  pure  rock  salt,  containing  only  a  small  quantity  of 
magnesium  and  calcium  compounds  and  a  small  amount  of  potassium 
salts.     This  salt  was  dissolved  in  water,  and  the  saturated   solution 
evaporated  by  boiling.     The  sodium  chloride  separated  out  during  the 
boiling,  and  the  mother  liquor  containing  the  impurities  was  poured 
oflf.     Alcohol  of    65  p.c.  strength  and    platinic    chloride  were   added 
to  the  resultant  salt,  in  order  to  precipitate  all   the   potassium  and 
a  certain  part  of  the  sodium  salts.     The  resultant  alcoholic  solution, 
containing  the  sodium  and  platinum  chlorides,  was  then  mixed  with  a 
solution  of  pure  ammonium  chloride  in  order  to  remove  the  platinic 
chloride.     After  this  precipitation,  the  solution  was  evaporated  in  a 
platinum  retort,  and  then  separate  portions  of  this  puriiied   sodium 
chloride  were  collected  as  they  crystallised.     The  same  salt  was  pre- 
pared from  sodium  sulphate,  tartrate,  nitrate,  and  from  the  platino- 
ohloride,  in  order  to  have  sodium  chloride  prepared  by  different  methods 
and  from  different  sources,  and  in  this  manner  ten  samples  of  sodium 
chloride  thus  prepared  were  purified  and  investigated  in  their  relation 
to  silver.     After  being  dried,  weighed  quantities   of  all  ten  samples 
of  sodium  chloride  were  dissolved  in  water  and  mixed  with  a  solution 
in   nitric  acid   of  a  weighed   quantity  of   perfectly  pure   silver.      A 
slightly  greater  quantity  of  silver  was  taken  than  would  be  required 
for  the  decomposition  of  the  sodium  chloride,  and  when,  after  pour- 
ing in   all   the   silver   solution,  the    silver   chloride   had    settled,  the 
amount  of  silver  remaining  in  excess  was  determined  by  means  of  a 
solution   of   sodium  chloride  of   known   strength.      This    solution   of 
sodium  chloride  was  added  so  long  as  it  formed  a  precipitate.     In  this 
manner  Stas  determined  how  many  parts  of   sodium  chloride   corre- 
spond to  100  parts  by  weight  of  silver.     The  result  of  ten  determina- 
tions was  that  for   the   entire    precipitation   of    100  parts   of   silver, 
from  54:-2060  to  54'2093  parts  of  sodium  chloride  were  required.     The 
difference  is  so  inconsiderable   that   it   has   no   perceptible   influence 
on  the  subsequent  calculations.      The  mean  of  ten  experiments  was 
that  100  parts  of  silver  react  with  54-2078  parts  of  sodium  chloride. 
In  order  to  learn  from  this    the  relation   between  the   chlorine    and 
silver,  it  was  necessary  to  determine  the  quantity  of  chlorine  contained  in 
54-2078  parts  of  sodium  chloride,  or,  what  is  the  same  thing,  the  quantity 
of  chlorine  which  combines  with  100  parts  of  silver.     For  this  purpose 
Stas  made  a  series  of  observations  on  the  quantity  of  silver  chloride 
obtained  from  100  parts  of  silver.     Four  syntheses  were  made  by  him 
for  this  purpose.     The   first   synthesis  consisted  in  the   formation  of 
silver  chloride  by  the  action  of  chlorine  on  silver  at  a  red  heat.     This 
experiment  showed  that  100  parts  of  silver  give  132-841,  132-843  and 
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132-843  of  silver  chloride.  The  second  method  consisted  in  dissolving 
a  given  quantity  of  silver  in  nitric  acid  and  precipitating  it  by  means 
of  gaseous  hydrochloric  acid  passed  over  the  surface  of  the  liquid  ;  the 
resultant  mass  was  evaporated  in  the  dark  to  drive  off  the  nitric  acid 
and  excess  of  hydrochloric  acid,  and  the  remaining  silver  chloride  was 
fused  first  in  an  atmosphere  of  hydrochloric  acid  gas  and  then  in  air. 
In  this  process  the  silver  chloride  was  not  washed,  and  therefore  there 
could  be  no  loss  from  solution.  Two  experiments  made  by  this 
method  showed  that  100  parts  of  silver  give  132'84:9  and  132'846 
parts  of  silver  chloride.  A  third  series  of  determinations  was  also 
made  by  precipitating  a  solution  of  silver  nitrate  with  a  certain 
excess  of  gaseous  hydrochloric  acid.  The  amount  of  silver  chloride 
obtained  was  altogether  132-848.  Lastly,  a  fourth  determination  was 
made  by  precipitating  dissolved  silver  with  a  solution  of  ammonium 
chloride,  when  it  was  found  that  a  considerable  amount  of  silver 
(0'317.5)  had  passed  into  solution  in  the  washing  ;  for  100  parts 
of  silver  there  was  obtained  altogether  132-8417  of  silver  chloride. 
Thus  from  the  mean  of  seven  determinations  it  appears  that  100 
parts  of  silver  give  132-844-5  parts  of  silver  chloride — that  is,  that 
32-844.5  parts  of  chlorine  are  able  to  combine  with  100  parts  of 
silver  and  with  that  quantity  of  sodium  which  is  contained  in 
54-2078  parts  of  sodium  chloride.  These  observations  show  that 
32-8445  parts  of  chlorine  combine  with  100  parts  of  silver  and 
with  21-3633  parts  of  sodium.  From  these  figures  expressing  the 
relation  between  the  combining  weights  of  chlorine,  silver,  and  sodium, 
it  would  be  possible  to  determine  their  atomic  weights — that  is,  the 
combining  quantity  of  these  elements  with  respect  to  one  part  by 
weight  of  hydrogen  or  16  parts  of  oxygen,  if  there  existed  a  series  of 
similarly  accurate  determinations  for  the  reactions  between  hydrogen 
or  oxygen  and  one  of  these  elements — chlorine,  sodium,  or  silver.  If 
we  determine  the  quantity  of  silver  chloride  which  is  obtained  from 
silver  chlorate,  AgClOj,  we  shall  know  the  relation  between  the 
combining  weights  of  silver  chloride  and  oxygen,  so  that,  taking  the 
quantity  of  oxygen  as  a  constant  magnitude,  we  can  learn  from  this 
reaction  the  combining  weight  of  silver  chloride,  and  from  the  preced- 
ing numbers  the  combining  weights  of  chlorine  and  silver.  For  this 
purpose  it  was  first  necessary  to  obtain  pure  silver  chlorate.  This 
Stas  did  by  acting  on  silver  oxide  or  carbonate,  suspended  in  water, 
with  gaseous  chlorine.^'' 

-''  The  phenomenon  which  then  takes  place  is  described  by  Stas  as  follows,  in  a  manner 
which  is  perfect  in  its  clearness  and  accuracy  :  if  silver  oxide  or  carbonate  be  suspended 
in   water,   and   an    excess   of  water   saturated  with  chlorine  be  added,   all   the   silver 
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The  decomposition  of  the  silver  chlorate  thus  obtained  was  accom- 
plished by  the  action  of  a  solution  of  sulphurous  anhydride  on 
it.  The  salt  was  first  fused  by  carefully  heating  it  at  243'^.  The  solution 
of  sulphurous  anhydride  used  was  one  saturated  at  0°.  Sulphurous 
anhydride  in  dilute  solutions  is  oxidised  at  the  expense  of  silver 
chlorate,  even  at  low  temperatures,  with  great  ease  if  the  liquid  be 
continually  shaken,  sulphuric  acid  and  silver  chloride  being  formed  : 
AgC103  +  3S02  +  3H20=AgCl  +  3H2S04.  After  decomposition,  the 
resultant  liquid  was  evaporated,  and  the  residue  of  silver  chloride 
weighed.  Thus  the  process  consisted  in  taking  a  known  weight  of 
silver  chlorate,  converting  it  into  silver  chloride,  and  determining 
the  weight  of  the  latter.  The  analysis  conducted  in  this  manner  gave 
the  following  results,  which,  like  the  preceding,  designate  the  weight 
in  a  vacuum  calculated  from  the  weights  obtained  in  air  :  In  the 
first  experiment  it  appeared  that  138-7890  grams  of  silver  chlorate 
gave  103'9795  parts  of  silver  chloride,  and  in  the  second  experiment 

is  converted  into  cliloride,  just  as  is  the  case  with  oxide  or  carbonate  of  mercni-y, 
and  the  water  then  contains,  besides  the  excess  of  chlorine,  only  pure  hypochlorous 
acid  without  the  least  trace  of  chloric  or  chlorous  acid.  If  a  stream  of  chlorine  be 
passed  into  water  containing  an  excess  of  silver  oxide  or  silver  carbonate  while  the 
liquid  is  continually  agitated,  the  reaction  is  the  same  as  the  preceding ;  silver 
chloride  and  hypochlorous  acid  are  formed.  But  this  acid  does  not  long  remain  in  a  free 
state :  it  gradually  acts  on  the  silver  oxide  and  gives  silver  hypochlorite,  i.e.  AgClO. 
If,  after  some  time,  the  current  of  chlorine  be  stopped  but  the  shaking  continued, 
the  liquid  loses  its  characteristic  odour  of  hj^jochlorous  acid,  while  preserving  its 
energetic  decolourising  property,  because  the  silver  hypochlorite  which  is  formed  is  easily 
soluble  in  water.  In  the  presence  of  an  excess  of  silver  oxide  this  salt  can  be  kept  for 
several  days  without  decomposition,  but  it  is  exceedingly  unstable  when  no  excess  of 
silver  oxide  or  carbonate  is  present.  So  long  as  the  solution  of  silver  hypochlorite  is 
shaken  up  with  the  silver  oxide,  it  preserves  its  transparency  and  bleaching  property, 
but  directly  it  is  allowed  to  stand,  and  the  silver  oxide  settles,  it  becomes  rapidly  cloudy 
and  deposits  large  flakes  of  silver  chloride,  so  that  the  black  silver  oxide  which  had 
settled  becomes  covered  with  the  white  precipitate.  The  liquid  then  loses  its  bleaching 
properties  and  contains  silver  chlorate,  i.e.  AgClOg,  in  solution,  which  has  a  slightly 
alkaline  reaction,  owing  to  the  presence  of  a  small  amount  of  dissolved  oxide.  In  this 
manner  the  reactions  which  are  consecutively  accomplished  may  be  expressed  by  the 
equations : 
6CI2  +  SAg^G  +  SH,0  =  6AgCl  +  6HC10  ;  6HC10  +  3Ag.,0  =  SH-^O  +  6AgC10  ; 

6AgC10  =  4AgCl  +  '3AgC105. 

Hence,  Stas  gives  the  following  method  for  the  preparation  of  silver  chlorate  :  A  slow 
current  of  chlorine  is  caused  to  act  on  oxide  of  silver,  suspended  in  water  which  is  kept 
in  a  state  of  continual  agitation.  The  shaking  is  continued  after  the  supply  of  chlorine 
has  been  stopped,  in  order  that  the  free  hypochlorous  acid  should  pass  into  silver 
hypochlorite,  and  the  resultant  solution  of  the  hypochlorite  is  drawn  off  from  the 
sediment  of  the  excess  of  silver  oxide.  This  solution  decomposes  spontaneously  into 
silver  chloride  and  chlorate.  The  pure  silver  chlorate,  AgClOs,  does  not  change  under 
the  action  of  light.  The  salt  is  prepared  for  further  use  by  drying  it  in  dry  air  at  150°. 
It  is  necessary  during  drying  to  prevent  the  access  of  any  organic  matter  ;  this  is  done  by 
filtering  the  air  through  cotton  wool,  and  passing  it  over  a  layer  of  red-hot  copper  oxide. 
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that  259-5287  grams  of  chlorate  gave  194-44515  grams  of  silver 
chloride,  and  after  fusion  194-4435  grams.  The  mean  result  of  both 
experiments,  converted  into  percentages,  shows  that  100  parts  of  silver 
chlorate  contain  74-9205  of  silver  chloride  and  25-0795  parts  of  oxygen. 
From  this  it  is  possible  to  calculate  the  combining  weight  of  silver 
chloride,  because  in  the  decomposition  of  silver  chlorate  there  are 
obtained  three  atoms  of  oxygen  and  one  molecule  of  silver 
chloride  :  AgClOj  =  AgCl  +  30.  Taking  the  -weight  of  an  atom 
of  oxygen  to  be  16,  we  find  from  the  mean  result  that  the  equi- 
valent-weight  of  silver  chloride  is  equal  to  143-395.  Thus  if  0=16, 
AgC1^143-395,  and  as  the  preceding  experiments  show  that  silver 
chloride  contains  32-8445  parts  of  chlorine  per  100  parts  of  silver, 
the  weight  of  the  atom  of  silver^"''"  must  be  107-94  and  that 
of  chlorine  35-45.  The  weight  of  the  atom  of  sodium  is  determined 
from  the  fact  that  21-3633  parts  of  sodium  chloride  combine  with 
328445  parts  of  chlorine;  consequently  Na=23-05.  This  conclusion, 
arrived  at  by  the  analysis  of  silver  chlorate,  was  verified  by  means 
of  the  analysis  of  potassium  chlorate  by  decomposing  it  by  heat 
and  determining  the  weight  of  the  potassium  chloride  formed,  and  also 
by  effecting  the  same  decomposition  by  igniting  the  chlorate  in  a 
stream  of  hydrochloric  acid.  The  combining  weight  of  potassium 
chloride  was  thus  determined,  and  another  series  of  determinations 
confirmed  the  relation  between  chlorine,  potassium,  and  silver,  in  the 
same  manner  as  the  relation  between  sodium,  chlorine,  and  silver  was 
determined  above.  Consequently,  the  combining  weights  of  sodium, 
chlorine,  and  potassium  could  be  deduced  by  combining  these  data  with 
the  analysis  of  silver  chlorate  and  the  synthesis  of  silver  chloride.  The 
agreement  between  the  results  showed  that  the  determinations  made 
by  the  last  method  were  perfectly  correct,  and  did  not  depend  in  any 
considerable  degree  on  the  methods  which  were  employed  in  the  pre- 
ceding determinations,  as  the  combining  weights  of  chlorine  and  silver 
obtained  were  the  same  as  before.  There  was  naturally  a  difif'erence, 
but  so  small  a  one  that  it  undoubtedly  depended  on  the  errors  inciden- 
tal to  every  process  of  weighing  and  experiment.  The  atomic  weight 
of  silver  was  also  determined  by  Stas  by  means  of  the  synthesis  of 
silver  sulphide  and  the  analysis  of  silver  sulphate.  The  combining 
weight  obtained  by  this  method  was  107-920.  The  synthesis  of  silver 
iodide  and  the  analysis  of  silver  iodate  gave  the  figure  107-928.     The 

2h  bis  The  results  given  by  Stas'  determinations  have  recently  been  recalculated  and 
certain  corrections  have  been  introduced.  "We  give  in  the  context  the  average  results  of 
van  der  Plaat's  and  Tliomsen's  calculations,  as  well  as  in  Table  III.  neglecting  the 
doubtful  thousandths. 
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synthesis  of  silver  bromide  -with  the  analysis  of  silver  broinate  gave  the 
figure  107'921.  The  synthesis  of  silver  chloride  and  the  analysis  of 
silver  chlorate  gave  a  mean  result  of  107'937.  Hence  there  is  no 
doubt  that  the  combining  weight  of  silver  is  at  least  as  much  as  107-9 
— greater  than  107'90  and  less  than  107'95,  and  probably  equal  to  the 
mean=107'92.  Stas  determined  the  combining  weights  of  many  other 
elements  in  this  manner,  such  as  lithium,  potassium,  sodium,  bromine, 
chlorine,  iodine,  and  also  nitrogen,  for  the  determination  of  the 
amount  of  silver  nitrate  obtained  from  a  given  amount  of  silver 
gives  directly  the  combining  weight  of  nitrogen.  Taking  that 
of  oxygen  as  16,  he  obtained  the  following  combining  weights 
for  these  elements  :  nitrogen  l-i-Ot,  silver  107'93,  chlorine  35-46, 
bromine  79-95,  iodine  136-85,  lithium  7'02,  sodium  23-04,  potassium 
39-15.  These  figures  difier  slightly  from  those  which  are  usually 
employed  in  chemical  investigations.  They  must  be  regarded  as  the 
result  of  the  best  observations,  whilst  the  figures  usually  used  in 
practical  chemistry  are  only  approximate — are,  so  to  speak,  round 
numbers  for  the  atomic  weights  which  diflfer  so  little  from  the  exact 
figures  (for  instance,  for  Ag  108  instead  of  107-92,  for  Na  23  instead 
of  23-04)  that  in  ordinary  determinations  and  calculations  the 
difference  falls  within  the  limits  of  experimental  error  inseparable  from 
such  determinations. 

The  exhaustive  investigations  conducted  by  Stas  on  the  atomic 
weights  of  the  above-named  elements  have  great  significance  in 
the  solution  of  the  problem  as  to  whether  the  atomic  weights  of  the 
elements  can  be  expressed  in  whole  numbers  if  the  unit  taken  be  the 
atomic  weight  of  hydrogen.  Prout,  at  the  beginning  of  this  century, 
stated  that  this  was  the  case,  and  held  that  the  atomic  weights  of  the 
elements  are  multiples  of  the  atomic  weight  of  hydrogen.  The  subse- 
quent determinations  of  Berzelius,  Penny,  Marchand,  Marignac,  Dumas, 
and  more  especially  of  Stas,  proved  this  conclusion  to  be  untenable  ; 
since  a  whole  series  of  elements  proved  to  have  fractional  atomic 
weights— for  example,  chlorine,  about  35-5.  On  account  of  this, 
Marignac  and  Dumas  stated  that  the  atomic  weights  of  the  elements 
are  expressed  in  relation  to  hydrogen,  either  by  whole  numbers 
or  by  numbers  with  simple  fractions  of  the  magnitudes  ^  and  ^.  But 
Stas's  researches  refute  this  supposition  also.  Even  between  the  com- 
bining weight  of  hydrogen  and  oxygen,  there  is  not,  so  far  as  is  yet 
known,  that  simple  relation  which  is  required  by  Front's  hypothesis,^'' 

'^  This  hypothesis,  for  the  establishment  or  refutation  of  which  so  many  researches 
have  been  made,  is  exceedingly  important,  and  fully  deserves  the  attention  which  has 
been  given  to  it.     Indeed,  if  it  appeared  that  the  atomic  weights  of  all  the  elements  could 
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i.e. J  taking  0  =  16,  the  atomic  weight  of  hydrogen  is  equal  not  to  1  but 
to  a  greater   number  somewhere  between   1-002  and  1*008  or  mean 

be  expressed,  in  whole  numbers  with  reference  to  hydrogen,  or  if  they  at  least  proved  to 
be  commensurable  with  one  another,  then  it  could  be  affirmed  with  confidence  that  the 
elements,  with  all  their  diversity,  were  formed  of  one  material  condensed  or  grouped  in 
various  manners  into  the  stable,  and,  under  known  conditions,  undecomposable  groups 
which  we  call  the  atoms  of  the  elements.  At  first  it  was  supposed  that  all  the  elements 
were  nothing  else  but  condensed  hydrogen,  but  when  it  appeared  that  the  atomic  weights 
of  the  elements  could  not  be  expressed  in  whole  numbers  in  relation  to  hydrogen, 
it  was  still  possible  to  imagine  the  existence  of  a  certain  material  from  which  both  hydro- 
gen and  all  the  otherelements  were  formed.  If  it  should  transpire  that  four  atoms  of  this 
material  form  an  atom  of  hydrogen,  then  the  atom  of  chlorine  would  present  itself  as 
consisting  of  142  atoms  of  this  substance,  the  weight  of  whose  atom  would  be  equal  to 
0'25.  But  in  this  case  the  atoms  of  all  the  elements  should  be  expressed  in  whole 
numbers  with  respect  to  the  weight  of  the  atom  of  this  original  material.  Let  us  sup- 
pose that  the  atomic  weight  of  this  material  is  equal  to  unity,  then  all  the  atomic  weights 
should  be  expressible  in  whole  numbers  relatively  to  this  unit.  Thus  the  atom  of  one  ele- 
ment, let  us  suppose,  would  weigh  m,  and  of  another  n,  but,  as  both  m  and  rt  must  be 
whole  numbers,  it  follows  that  the  atomic  weights  of  all  the  elements  would  be  commen- 
surable. But  it  is  sufficient  to  glance  over  the  results  obtained  by  Stas,  and  to  be 
assured  of  their  accuracy,  especially  for  silver,  in  order  to  entirely  destroy,  or  at  least 
strongly  undermine,  this  attractive  hypothesis.  We  must  therefore  refuse  our  assent  to  the 
doctrine  of  the  building  up  from  a  single  substance  of  the  elements  known  to  us.  This 
hypothesis  is  not  supported  either  by  any  known  transformation  (for  one  element  has  never 
been  converted  into  another  element),  or  by  the  commensurability  of  the  atomic  weights 
of  the  elements.  Although  the  hypothesis  of  the  formation  of  all  the  elements  from  a 
single  substance  (for  which  Crookes  has  suggested  the  name  protyle)  is  most  attractive 
in  its  comprehensiveness,  it  can  neither  be  denied  nor  accepted  for  want  of  sufficient  data. 
Marignac  endeavoured,  however,  to  overcome  Stas's  conclusions  as  to  the  incommensu- 
rability of  the  atomic  weights  by  supposing  that  in  his,  as  in  the  determinations  of  all 
other  observers,  there  were  unperceived  en-ors  which  were  quite  independent  of  the  mode 
of  observation — for  example,  silver  nitrate  might  be  supposed  to  be  an  unstable  substance 
which  changes,  under  the  heatings,  evaporations,  and  other  processes  to  which  it  is  sub- 
jected in  the  reactions  for  the  determination  of  the  combining  weight  of  silver.  It  might 
be  supposed,  for  instance,  that  silver  nitrate  contains  some  impurity  which  cannot  be 
removed  by  any  means  ;  it  might  also  be  supposed  that  a  portion  of  the  elements  of  the 
nitric  acid  are  disengaged  in  the  evaporation  of  the  solution  of  silver  nitrate  (owing  to  the 
decomposing  action  of  water),  and  in  its  fusion,  and  that  we  have  not  to  deal  with  normal 
silver  nitrate,  but  with  a  slightly  basic  salt,  or  perhaps  an  excess  of  nitric  acid  which 
cannot  be  removed  from  the  salt.  In  this  case  the  observed  combining  weight  will  not 
refer  to  an  actually  definite  chemical  compound,  but  to  some  mixture  for  which  there 
does  not  exist  any  perfectly  exact  combining  relations.  Marignac  upholds  this  proposition 
by  the  fact  that  the  conclusions  of  Stas  and  other  observers  respecting  the  combining 
weights  determined  with  the  greatest  exactitude  very  nearly  agree  with  the  proposition 
of  the  commensurability  of  the  atomic  weights — for  example,  the  combining  weight  of 
silver  was  shown  to  be  equal  to  107"93,  so  that  it  only  differs  by  0"08  from  the  whole 
number  108,  which  is  generally  accepted  for  silver.  The  combining  weight  of  iodine 
proved  to  be  equal  to  126*85 — that  is,  it  differs  from  127  by  0"15.  The  combining  weights 
of  sodium,  nitrogen,  bromine,  chlorine,  and  lithium  are  still  nearer  to  the  whole  or  round 
numbers  which  are  generally  accepted.  But  Marignac's  proposition  will  hardly  bear 
criticism.  Indeed  if  we  express  the  combining  weights  of  the  elements  determined  by 
Stas  in  relation  to  hydrogen,  the  approximation  of  these  weights  to  whole  numbers 
disappears,  because  one  part  of  hydrogen  in  reality  does  not  combine  with  16  parts  of 
oxygen,  but  with  15'92  parts,  and  therefore  we  shaU  obtain,  taking  H  =  l,  not  the  above- 
cited  figures,  but  for  silver  107'38,  for  bromme  79'55,  magnitudes  which  are  btiU  further 
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1-005.  Such  a  conclusion  arrived  at  by  direct  experiment  cannot  but 
be  regarded  as  having  greater  weight  than  Front's  supposition 
(hypothesis)  that  the  atomic  weights  of  the  elements  are  in  multiple 
proportion  to  each  other,  which  would  gi^  e  reason  for  surmising  (but  not 
asserting)  a  complexity  of  nature  in  the  elements,  and  their  com- 
mon origin  from  a  single  primary  material,  and  for  expecting  their 
mutual  conversion  into  each  other.      All  such  ideas  and  hopes  must 

removed  from  whole  numbers.  Besides  which,  if  Marignac's  proposition  were  true  the 
combining  weight  of  silver  determined  by  one  method — e.g.  by  the  analysis  of  silver 
chlorate  combined  with  the  synthesis  of  silver  chloride — would  not  agree  well  with  the 
combining  weight  determined  by  another  method — e.g.  by  means  of  the  analysis  of  silver 
iodate  and  the  synthesis  of  silver  iodide.  If  in  one  case  a  basic  salt  could  be  obtained, 
in  the  other  case  an  acid  salt  might  be  obtained.  Then  the  analysis  of  the  acid  salt 
would  give  different  results  from  that  of  the  basic  salt.  Thus  Marignac's  arguments 
cannot  serve  as  a  support  for  the  vindication  of  Front's  hypothesis. 

Ill  conclusion,  I  think  it  will  not  be  out  of  place  to  cite  the  following  passage  from  a 
paper  I  read  before  the  Chemical  Society  of  London  in  1889  (Appendix  II.),  referring  to 
the  hypothesis  of  the  complexity  of  the  elements  recognised  in  chemistry,  owing  to  the 
fact  that  many  have  endeavoured  to  apply  the  periodic  law  to  the  justification  of  this 
idea  'dating  from  a  remote  antiquity,  when  it  was  found  convenient  to  admit  the  existence 
of  many  gods  but  only  one  matter.' 

'  When  we  try  to  explain  the  origin  of  the  idea  of  a  unique  primary  matter,  we  easily 
trace  that,  in  the  absence  of  deductions  from  experiment,  it  derives  its  origin  from  the 
scientifically  philosophical  attempt  at  discovering  some  kind  of  unity  in  the  immense 
diversity  of  individualities  which  we  see  around.  In  classical  times  such  a  tendency 
could  only  be  satisfied  by  conceptions  about  the  immaterial  world.  As  to  the  material 
world,  our  ancestors  were  compelled  to  resort  to  some  hypothesis,  and  they  adopted  the 
idea  of  unity  in  the  formative  material,  because  they  were  not  able  to  evolve  the  concep- 
tion of  any  other  possible  unity  in  order  to  connect  the  multifarious  relations  of  matter. 
Responding  to  the  same  legitimate  scientific  tendency,  natiu'al  science  has  discovere'd 
throughout  the  universe  a  unity  of  plan,  a  unity  of  forces,  and  a  unity  of  matter ;  and 
the  convincing  conclusions  of  modern  science  compel  every  one  to  admit  these  kinds  of 
unity.  But  while  we  admit  unity  in  many  things,  we  none  the  less  must  also  explain 
the  individuality  and  the  apparent  diversity  which  we  cannot  fail  to  trace  everywhere. 
It  was  said  of  old  "  Give  us  a  fulcrum  and  it  will  become  easy  to  displace  the  earth." 
So  also  we  must  say,  "  Give  us  something  that  is  individualised,  and  the  apparent 
diversity  will  be  easily  understood."     Othenvise,  how  could  unity  result  in  a  multitude 

'  After  a  long  and  painstaking  research,  natural  science  has  discovered  the  individu- 
alities of  the  chemical  elements,  and  therefore  it  is  now  capable,  not  only  of  analysing, 
but  also  of  synthesising ;  it  can  understand  and  grasp  generality  and  unity,  as  well  as 
the  individualised  and  multifarious.  The  general  and  universal,  like  time  and  space,  like 
force  and  motion,  vary  uniformly.  The  uniform  admit  of  interpolations,  revealing  every 
intermediate  phase ;  but  the  multitudinous,  the  individualised — such  as  ourselves,  or  the 
chemical  elements,  or  the  members  of  a  peculiar  iDeriodic  function  of  the  elements,  or 
Dalton's  multiple  proportions — is  characterised  in  another  way.  We  see  in  it — side  by 
side  with  a  general  connecting  principle — leaps,  breaks  of  continuity,  points  which  escape 
from  the  analysis  of  the  infinitely  small — an  absence  of  complete  intermediate  links. 
Chemistry  has  found  an  answer  to  the  question  as  to  the  causes  of  multitudes,  and  while 
retaining  the  conception  of  many  elements,  all  submitted  to  the  discipline  of  a  general 
law,  it  offers  an  escape  from  the  Indian  Nirvana — the  absorption  in  the  universal — re- 
placing it  by  the  individualised.  However,  the  place  for  individuality  is  so  limited  by 
the  all-grasping,  all-powerful  universal,  that  it  is  merely  a  point  of  support  for  the  under- 
standing of  multitude  in  unity.' 
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now,  thanks  more  especially  to  Stas,  be  placed  in  a  region  void  of  any 
experimental  support  whatever,  and  therefore  not  subject  to  the  dis- 
cipline of  the  positive  data  of  science. 

Among  the  platinum  metals  ruthenium,  rhodium,  and  palladium, 
by  their  atomic  weights  and  properties,  approach  silver,  just  as  iron 
and  its  analogues  (cobalt  and  nickel)  approach  copper  in  all  respects. 
Gold  stands  in  exactly  the  same  position  in  relation  to  the  heavy, 
platinum  metals,  osmium,  iridium,  and  platinum,  as  copper  and 
silver  do  to  the  two  preceding  series.  The  atomic  weight  of  gold  is 
nearly  equal  to  their  atomic  weights  ;  ^^  it  is  dense  like  these  metals. 
It  also  gives  various  grades  of  oxidation,  which  are  feeble,  both  in 
a  basic  and  an  acid  sense.  Whilst  near  to  osmium,  iridium,  and  pla- 
tinum, gold  at  the  same  time  is  able,  like  copper  and  silver,  to  form 
compounds  which  answer  to  the  type  RX — that  is,  oxides  of  the  compo- 
sition R^'J.  Cuprous  chloride,  CuCl,  silver  chloride,  AgCl,  and  aureus 
chloride,  AuCl,  are  substances  which  are  very  much  alike  in  their 
physical  and  chemical  properties.^'  *>"  They  are  insoluble  in  water, 
but  dissolve  in  hydrochloric  acid  and  ammonia,  in  potassium   cyanide, 

^s  It  miglit  be  expected  from  the  periodic  law  and  analogies  witli  the  series  iron,  cobalt, 
nickel,  cojjper,  zinc,  that  the  atomic  v.'eights  of  the  elements  of  the  series  osmium, 
iridium,  platinum,  gold,  mercury,  would  rise  in  this  order,  and  at  the  time  of  the  esta- 
blishment of  the  periodic  law  (1869),  the  determinations  of  Berzelius,  Rose,  and  others 
gave  the  following  values  for  the  atomic  weights  :  Os  =  200,  Ir  =  197,  Pt  =  198,  Au  =  196, 
Hg  =  200.  The  fulfilment  of  the  expectations  of  the  periodic  law  was  given  in  the  first 
place  by  the  fresh  determinations  (Seubert,  Dittmar,  and  Arthur)  of  the  atomic  weight  of 
platinum,  which  proved  to  be  nearly  196,  if  0  =  16  fas  Marignac,  Brauner,  and  others 
propose) ;  in  the  second  place,  by  the  fact  that  Seubert  proved  that  the  atomic  weight  of 
osmium  is  really  less  than  that  of  platinum,  and  approximately  Os  =  191;  and,  in  the 
third  place,  by  the  fact  that  after  the  researches  of  Kriiss,  Thorpe,  and  Laurie  there  was 
no  doubt  that  the  atomic  weight  of  gold  is  greater  than  that  of  platinum — namely, 
nearly  197. 

2S  bi.  Xn  Chapter  XXII.,  Note  40,  we  gave  the  thermal  data  for  certain  of  the  com- 
pounds of  copper  of  the  type  CuXj ;  we  will  now  cite  certain  data  for  the  cuprous 
compounds  of  the  type  CuX,  which  present  an  analogy  to  the  corresponding  compounds 
AgX  and  AuX,  some  of  which  were  investigated  by  Thomsen  in  his  classical  work, 
'  Thermochemische  Untersuchungen  '  (Vol.  iii.,  188ilJ.  The  data  are  given  in  the  same 
manner  as  in  the  above-mentioned  note  : 

E=  Cu  Ag  Au 

R  +  Cl  4-83  -(-29  -fe 

E  +  Br  4-25  -j-23  0 

E-rl  -H6  4-14  -6 

E-hO  -H41  -f   6  -? 

Thus  we  see  in  the  first  place  that  gold,  which  possesses  a  much  snialler  affinity  than  Ag, 
evolves  far  less  heat  than  an  equivalent  amount  of  copper,  giving  the  same  compound,  and 
in  the  second  place  that  the  combination  of  copper  with  one  atom  of  oxygen  disengages 
more  heat  than  its  combination  with  one  atom  of  a  halogen,  whilst  with  silver  the  reverse 
is  the  case.  This  is  connected  with  the  fact  that  CugO  is  more  stable  under  the  action 
of  heat  than  Ag.^O. 
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sodium  thiosulphate,  &c.  Just  as  copper  forms  a  link  between  the  iron 
metals  and  zino,  and  as  silver  unites  the  light  platinum  metals  with 
cadmium,  so  also  gold  presents  a  transition  from  the  heavy  platinum 
metals  to  mercury.  Copper  gives  saline  compounds  of  the  types  CuX 
and  CuXo,  silver  of  the  type  AgX,  whilst  gold,  besides  compounds  of 
the  type  AuX,  very  easily  and  most  frequently  forms  those  of  the  type 
AuClj.  The  compounds  of  this  type  frequently  pass  into  those  of  the 
lower  type,  just  as  PtX.,  passes  into  PtXj,  and  the  same  is  observable 
in  the  elements  which,  in  their  atomic  weights,  follow  gold.  Mercury 
gives  HgXg  and  HgX,  thallium  gives  TIX3  and  TIX,  lead  gives 
PbX.,  and  PbX2.  On  the  other  hand,  gold  in  a  qualitative  respect 
differs  from  silver  and  copper  in  the  extreme  ease  with  which  all  its  com- 
pounds are  reduced  to  metal  by  many  means.  This  is  not  only  accom- 
plished by  many  reducing  agents,  but  also  by  the  action  of  heat.  Thus 
its  chlorides  and  oxides  lose  their  chlorine  and  oxygen  when  heated, 
and,  if  the  temperature  be  sufficiently  high,  these  elements  are  entirely 
expelled  and  metallic  gold  alone  remains.  Its  compounds,  therefore, 
act  as  oxidising  agents.^' 

In  nature  gold  occurs  in  the  primary  and  chiefly  in  quartzose  rocks, 
and  especially  in  quartz  veins,  as  in  the  Urals  (at  BerezofFsk),  in 
Australia,  and  in  California.  The  native  gold  is  extracted  from  these 
rocks  by  subjecting  them  to  a  mechanical  treatment  consisting  of 
crushing  and  washing.-'  *■"     Nature  has  already  accomplished  a  similar 

^^  Heavy  atoms  and  molecules,  although  they  may  preweut  many  points  of  analogy,  are 
more  easily  isolated  ;  thus  Ci,;H52,  although,  like  C2H4,  it  combines  with  Bi-g,  and  has  a 
similar  composition,  yet  reacts  with  much  greater  difficulty  than  C2H4,  and  in  this  it  resem- 
bles gold ;  the  heavy  atoms  and  molecules  are,  so  to  say,  inert,  and  already  saturated  by 
themselves.  Gold  in  its  higher  grade  of  oxidation,  Au.^0^,  presents  feeble  basic  pro- 
perties and  weakly-developed  acid  properties,  so  that  this  oxide  of  gold,  AU2O3,  may  be 
referred  to  the  class  of  feeble  acid  oxides,  like  platinic  oxide.  This  is  not  the  case  in  the 
highest  kno\vii  oxides  of  copper  and  silver.  But  in  the  lower  grade  of  oxidation,  aurous 
oxide,  AU2O,  gold,  like  silver  and  copper,  presents  basic  properties,  although  they  are 
not  very  pronounced.  In  this  respect  it  stands  very  close  in  its  properties,  although 
not  in  its  types  of  combination  (AuX  and  AuXg),  to  platinum  (PtX2  and  PtX4)  and  its 
analogues. 

As  yet  the  general  chemical  characteristics  of  gold  and  its  compounds  have  not  been 
fully  investigated.  This  is  partly  due  to  the  fact  that  very  few  researches  have  been 
undertaken  on  the  compounds  of  this  metal,  owing  to  its  inaccessibility  for  working 
in  large  quantities.  As  the  atomic  weight  of  gold  is  high  (Au  =  197),  the  preparation  of 
its  compounds  requires  that  it  should  be  taken  in  large  quantities,  which  forms  an 
obstacle  to  its  being  fully  studied.  Hence  the  facts  concerning  the  history  of  this  metal 
are  rarely  distinguished  by  that  exactitude  with  which  many  facts  have  been  established 
concerning  other  elements  more  accessible,  and  long  known  in  use. 

29i)is  Sonstadt  (1872)  showed  that  sea  water,  besides  silver,  always  contains  gold. 
Munster  (1892)  showed  that  the  water  of  the  Norwegian  fiords  contains  about  5  milli- 
grams of  gold  per  ton  (or  5  milliardths) — i.e  a  quantity  deserving  practical  attention,  and 
I  think  it  may  "be  already  said  that,  considering  the  immeasurable  amount  of  sea  water, 
in  time  means  will  be   discovered  for  profitably  extracting  gold  from  sea  water  by 
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disintegration  of  the  hard  rocky  matter  containing  gold.^^  These  dis- 
integrated rocks,  washed  by  rain  and  other  water,  have  formed  gold- 
bearing  deposits,  which  are  known  as  alluvial  gold  dej^osits.  Gold- 
bearing  soil  is  sometimes  met  with  on  the  surface  and  sometimes  under 

bringing  it  into  contact  with  substances  capable  of  depositing  gold  upon  their  surface. 
The  first  efforts  might  be  made  upon  the  extraction  of  salt  from  sea  water,  and  as  tlie 
total  amount  of  sea  water  maybe  taken  as  about  2,000,000,000,000,000,000  tons, it  foUown 
that  it  contains  about  10,000  million  tons  of  gold.  The  yearly  production  of  gold  is  about 
200  tons  for  the  whole  world,  of  which  about  one  quarter  is  extracted  in  Russia.  It  is 
supposed  that  gold  is  dissolved  in  sea  water  owing  to  the  presence  of  iodides,  which,  under 
the  action  of  animal  organisms,  yield  free  iodine.  It  is  thought  (as  Professor  Konova- 
lol!  mentions  in  his  work  upon  'The  Industries  of  the  United  States/  1894)  that 
iodine  facilitates  the  solution  of  the  gold,  and  the  organic  matter  its  precipitation. 
These  facts  and  considerations  to  a  certain  extent  explain  the  distribution  of  gold  in 
veins  or  rock  fissures,  LhieHy  filled  with  quartz,  because  there  is  sufficient  reason  for 
supposing  that  these  rocks  once  formed  the  ocean  bottom.  R.  Dentrie,  and  subse- 
quently Wilkinson,  showed  that  organic  matter — for  instance,  cork — and  pyi'ites  are  able 
to  precipitate  gold  from  its  solutions  in  that  metallic  form  and  state  in  which  it  occurs 
in  quartz  veins,  where  (especially  in  the  deeper  parts  of  vein  deposits)  gold  is  frequently 
found  on  the  surface  of  pyrites,  chiefly  arsenical  pyrites.  Kazantseff  (in  Ekaterinburg, 
1891)  even  supposes,  from  the  distribution  of  the  gold  in  these  pyrites,  that  it  occurred 
in  solution  as  a  compound  of  sulphide  of  gold  and  sulphide  of  arsenic  when  it  penetrated 
'  into  the  veins.  It  is  from  such  considerations  that  the  origin  of  vein  and  pyritic  gold 
is,  at  the  present  time,  attributed  to  the  reaction  of  solutions  of  this  metal,  the  remains 
of  which  are  seen  in  the  gold  still  present  in  sea  water. 

30  However,  in  recent  times,  especially  since  about  1870,  when  chlorine  (either  as  a 
solution  of  the  gas  or  as  bleaching  powder)  and  bromine  began  to  be  applied  to  the  extrac- 
tion of  finely-divided  gold  from  poor  ores  (pre\'iously  roasted  in  order  to  drive  off  arsenic 
and  sulphur,  and  oxidise  the  iron),  the  extraction  of  gold  from  quartz  aud  pyrites, 
by  the  wet  method,  increases  from  year  to  year,  and  begins  to  equal  the  amount 
extracted  from  alluvial  deposits.  Since  the  nineties  the  cyanide  process  (Chapter 
XIII. ,  Note  13  bis)  has  taken  an  important  place  among  the  wet  methods  for 
extracting  gold  from  its  ores.  It  consists  in  pouring  a  dilute  solution  of  cyanide  of  potas- 
sium (about  500  parts  of  water  aud  1  to  4  parts  of  cyanide  of  potassium  per  1,000  parts 
of  ore,  the  amount  of  cyanide  depending  upon  the  richness  of  the  ore)  and  a  mixture 
of  it  with  NaCN,  {see  Chapter  XIII.,  Note  12)  over  the  crushed  ore  (which  need  not  be 
roasted,  whilst  roasting  is  indispensable  in  the  chlorination  process,  as  otherwise  the 
chlorine  is  used  up  in  oxidising  the  sulphur,  arsenic,  &c.)  The  gold  is  dissolved 
very  rapidly  even  from  pyrites,  where  it  generally  occurs  on  the  surface  in  such 
fine  and  adJierent  particles  that  it  either  cannot  be  mechanically  washed  away,  or, 
more  frequently  is  carried  away  by  the  stream  of  water,  and  cannot  be  caught  by 
mechanical  means  or  by  the  mercury  used  for  catching  the  gold  in  the  sluices. 
Chlorination  had  already  given  the  possibility  of  extracting  the  finest  particles  of  gold ; 
but  the  cyanide  process  enables  such  pyrites  to  be  treated  as  could  be  scarcely  worked 
by  other  means.  The  treatment  of  the  crushed  ore  by  the  KCN  is  carried  on  in  simple 
wooden  vats  (coated  with  paraffin  or  tar)  with  the  greatest  possible  rapidity  (in  order  that 
the  KCN  solution  should  not  have  time  to  change)  by  a  method  of  systematic  lixiviation, 
and  is  completed  in  10  to  12  hours.  The  resultant  solution  of  gold,  containing  AuK(CN)2, 
is  decomposed  either  with  freshly-made  zinc  filings  (but  when  the  gold  settles  on  the 
Zn,  the  cyanide  solution  reacts  upon  the  Zn  with  the  evolution  of  Hj  and  formation  of 
ZnHjO^)  or  by  sodium  amalgam  prepared  at  the  moment  of  reaction  by  the  action  of  an 
electric  current  upon  a  solution  of  NaHO  poured  into  a  vessel  partially  immersed  in 
mercury  (the  NaCN  is  renewed  continually  by  this  means).  The  silver  in  the  ore  passes 
into  solution,  together  with  the  gold,  as  in  amalgamation. 
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the  upper  soil,  but  more  frequently  along  the  banks  of  dried-up  water- 
courses and  running  streams.  The  sand  of  many  rivers  contains, 
however,  a  very  small  amount  of  gold,  which  it  is  not  profitable  to 
work  ;  for  example,  that  of  the  Alpine  rivers  contains  5  jiarts  of  gold 
in  10,000,000  parts  of  sand.  The  richest  gold  deposits  are  those  of 
Siberia,  especially  in  the  southern  parts  of  the  Government  of  Yeniseisk, 
the  South  Urals,  Mexico,  California,  South  Africa,  and  Australia, 
and  then  the  comparatively  poorer  alluvial  deposits  of  many  countries 
(Hungary,  the  Alps,  and  Spain  in  Europe).  The  extraction  of  the 
gold  from  alluvial  deposits  is  based  on  the  principle  of  levigation  ;  the 
earth  is  washed,  while  constantly  agitated,  by  a  stream  of  water, 
which  carries  away  the  lighter  portion  of  the  earth,  and  leaves  the 
coarser  particles  of  the  rook  and  heavier  particles  of  the  gold,  together 
with  certain  substances  which  accompany  it,  in  the  washing  apparatus. 
The  extraction  of  this  u-aalied  gold  only  necessitates  mechanical  ap- 
pliances," and  it  is  not  therefore  surprising  that  gold  was  known  to 
savages  and  in  the  most  remote  period  of  history.  It  sometimes  occurs 
in  crystals  belonging  to  the  regular  system,  but  in  the  majority  of  cases 

^1  But  the  particles  of  gold  are  sometimes  so  small  that  a  large  amount  is  lost  during 
the  washing.  It  is  then  proiitable  to  have  recourse  to  the  extraction  by  chlorine  and 
KCN  (Note  30). 

In  speaking  of  the  extraction  of  gold  the  following  remarks  may  not  be  out  of 
place  : 

In  California  advantage  is  taken  of  water  supplied  from  high  altitudes  in  order  to 
have  a  powerful  head  of  water,  with  which  the  rocks  are  directlj^  washed  away,  thus 
avoiding  the  greater  portion  of  the  mechanical  labour  required  for  the  exploitation  of 
these  deposits. 

The  last  residues  of  gold  are  sometimes  extracted  from  sand  by  washing  them  with 
mercury,  which  dissolves  the  gold.  The  sand  mixed  with  water  is  caused  to  come  into 
contact  with  mercury  during  the  washing.     The  mercury  is  then  distilled. 

Many  sulphurous  ores,  even  pyrites,  contain  a  small  amount  of  gold.  Compounds  of 
gold  with  bismuth,  BiAu2,  tellurium,  AuTe^  (calverite),  &c.,  have  been  found,  although 
rarely. 

Among  the  minerals  which  accompany  gold,  and  from  which  the  presence  of  gold  may 
be  expected,  we  may  mention  white  quartz,  titanic  and  magnetic  iron  ores,  and  also  the 
following,  which  are  of  rarer  occurrence  :  zircon,  to^Daz,  garnet,  and  such  like.  The  con- 
centrated gold  washings  first  undergo  it  mechanical  treatment,  and  the  impure  gold 
obtained  is  treated  for  pure  gold  by  various  methods.  If  the  gold  contain  a  considerable 
amount  of  foreign  metals,  especially  lead  and  copper,  it  is  sometimes  cupelled,  like  silver, 
so  that  the  oxidisable  metals  may  be  absorbed  by  the  cupel  in  the  form  of  oxides,  but  in 
every  case  the  gold  is  obtained  together  with  silver,  because  the  latter  metal  also  is  not 
oxidised.  Sometimes  the  gold  is  extracted  by  means  of  mercury,  that  is,  by  amalgama- 
tion (and  the  mercury  subsequently  driven  off  by  distillation),  or  by  smelting  it  with 
lead  (which  is  afterwards  removed  by  oxidation)  and  processes  like  those  employed  for 
the  extraction  of  silver,  because  gold,  like  silver,  does  not  oxidise,  is  dissolved  by  lead 
and  mercury,  and  is  non-volatile.  If  copper  or  any  other  metal  contain  gold  and  it  be 
employed  as  an  anode,  pure  copper  will  be  deposited  upon  the  cathode,  wliile  all  the 
gold  will  remain  at  the  anode  as  a  slime.  This  method  often  amply  repays  the  whole 
cost  of  the  process,  since  it  givgs,  besides  the  gold,  a  pure  electrolytic  copper. 


446  PRINCIPLES   OF   CHEMISTRY 

in  nuggets  or  grains  of  greater  or  less  magnitude.  It  always  contains 
silver  (from  very  small  quantities  up  to  30  p.c,  when  it  is  called 
'  electrum  ')  and  certain  other  metals,  among  which  lead  and  rhodium 
are  sometimes  found. 

The  separation  of  the  silver  from  gold  is  generally  curried  on  with 
great  precision,  as  the  presence  of  the  silver  in  the  gold  does  not 
increase  its  value  for  exchange,  and  it  can  be  substituted  by  other 
less  valuable  metals,  so  that  the  extraction  of  the  silver,  as  a  precious 
metal,  from  its  alloy  with  gold,  is  a  profitable  operation.  This 
separation  is  conducted  by  different  methods.  Sometimes  the  argenti- 
ferous gold  is  melted  in  crucibles,  together  with  a  mixture  of  common 
salt  and  powdered  bricks.  The  greater  portion  of  the  silver  is  thus 
converted  into  the  chloride,  which  fuses  and  is  absorbed  by  the  slags, 
from  which  it  may  be  extracted  by  the  usual  methods.  The  silver  is 
also  extracted  from  gold  by  treating  it  with  boiling  sulphuric  acid, 
which  does  not  act  on  the  gold  but  dissolves  the  silver.  But  if  the 
alloy  does  not  contain  a  large  proportion  of  silver  it  cannot  be  extracted 
by  this  method  or  at  all  events  the  separation  will  be  imperfect,  and 
therefore  a  fresh  amount  of  silver  is  added  (by  fusion)  to  the  gold,  in 
such  quantity  that  the  alloy  contains  twice  as  much  silver  as  gold. 
The  silver  which  is  added  is  preferably  such  as  contains  gold,  which  is 
very  frequently  the  case.  The  alloy  thus  formed  is  poured  in  a  thin 
stream  into  water,  by  which  means  it  is  obtained  in  a  granulated 
form  ;  it  is  then  boiled  with  strong  sulphuric  acid,  three  parts  of 
acid  being  used  to  one  part  of  alloy.  The  sulphuric  acid  extracts 
all  the  silver  without  acting  on  the  gold.  It  is  best,  however,  to 
pour  off  the  first  portion  of  the  acid,  which  has  dissolved  the  silver, 
and  then  treat  the  residue  of  still  imperfectly  pure  gold  with  a  fresh 
quantity  of  sulphuric  acid.  The  gold  is  thus  obtained  in  the  form 
of  powder,  which  is  washed  with  water  until  it  is  quite  free  from 
silver.  The  silver  is  precipitated  from  the  solution  by  means  of 
copper,  so  that  cupric  sulphate  and  metallic  silver  are  obtained.  This 
process  is  carried  out  in  many  countries,  as  in  Russia,  at  the  Govern- 
ment mints. 

Gold  is  generally  used  alloyed  with  copper  ;  since  pure  gold, 
like  pure  silver,  is  very  soft,  and  therefore  soon  worn  away.  In 
assaying  or  determining  the  amount  of  pure  gold  in  such  an  alloy 
it  is  usual  to  add  silver  to  the  gold  in  order  to  make  up  an  alloy 
containing  three  parts  of  silver  to  one  of  gold  (this  is  known  as 
quartation  because  the  alloy  contains  ^  of  gold),  and  the  resultant 
alloy  is  treated  with  nitric  acid.  If  the  silver  be  not  in  excess  over 
the  gold,  it  is  not  all  dissolved  by  the  nitric  acid,  and  this  is  the  reason 
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for  the  quartation.  The  amount  of  pure  gold  (assay)  is  determined  by- 
weighing  the  gold  which  remains  after  this  treatment.  English  gold 
(^  22  carats)  coinage  is  composed  of  an  alloy  containing  91-66  p.c.  of 
gold,  but  for  many  articles  gold  is  frequently  used  containing  a  larger 
amount  of  foreign  metals. 

Pui-e  gold  may  be  obtained  from  gold  alloys  by  dissolving  in  aqua 
regia,  and  then  adding  ferrous  sulphate  to  the  solution  or  heating-  it 
■with  a  solution  of  oxalic  acid.  These  deoxidising  agents  reduce  the 
gold,  but  not  the  other  metals.  The  chlorine  combined  with  the  gold 
then  acts  like  free  chlorine.  The  gold,  thus  reduced,  is  precipitated  as 
an  exceedingly  fine  brown  powder.^'  '''''  It  is  then  washed  with  water, 
and  fused  with  nitre  or  borax.  Pure  gold  reflects  a  yellow  light,  and 
in  the  form  of  very  thin  sheets  (gold  leaf),  into  which  it  can  be 
hammered  and  rolled," '"  it  transmits  a  bluish-green  light.  The 
specific  gravity  of  gold  is  about  19'5,  the  sp.  gr.  of  gold  coin  is  about 
17"1.  It  fuses  at  1090° — at  a  higher  temperature  than  silver — and  can 
be  drawn  into  exceedingly  fine  wires  or  hammered  into  thin  sheets. 
With  its  softness  and  ductility,  gold  is  distinguished  for  its  tenacity, 
and  a  gold  wire"  two  millimetres  thick  breaks  only  under  a  load  of  68 
kilograms.  Gold  vaporises  even  at  a  furnace  heat,  and  imparts  a 
greenish  colour  to  a  flame  passing  over  it  in  a  furnace.  Gold  alloys 
with  copper  almost  without  changing  its  volume. ^^     In  its  chemical 

51  bis  Scliottliinder  {1893}  obtained  gold  in  a  soluble  colloid  form  {the  solution  is  violet) 
by  the  action  of  a  mixture  of  solutions  of  cerium  acetate  and  NaHO  upon  a  solution  of 
AuClj.  The  gold  separates  out  from  such  a  solution  in  exactly  the  same  manner  as  Ag 
does  from  the  solution  of  colloid  silver  mentioned  above.  There  always  remains  a 
certain  amount  of  a  higher  oxide  of  cerium,  CeO.i,  in  the  solution — i.e.  the  gold  is 
reduced  by  converting  the  cerium  into  a  higher  grade  of  oxidation.  Besides  which 
Kruss  and  Hofmann  showed  that  sulphide  of  gold  precipitated  by  the  action  of  H^S  upon 
a  solution  of  AuKCyo  mixed  with  HCl  easily  passes  into  a  colloid  solution  after  being 
properly  washed  {like  AsaSj,  CuS,  &o.,  Chapter  I.,  Note  57). 

5'  ■"  Gold-leaf  is  used  for  gilding  wood  (leather,  cardboard,  and  suchlike,  upon  which 
it  is  glued  by  means  of  varnish,  &c.),  and  is  about  0-003  millimetre  thick.  It  is  obtained 
from  thin  sheets  (weighing  at  first  about  ^  grm.  to  a  square  inch),  rolled  between  gold 
rollers,  by  gradually  hammering  them  (in  packets  of  a  number  at  once)  between  sheets 
of  moist  (but  not  wet)  parchment,  and  then,  after  cutting  them  into  four  pieces,  between 
a  specially  prepared  membrane,  which,  when  at  the  right  degree  of  moisture,  does  not 
tear  or  stick  together  under  the  blows  of  the  hammer. 

32  The  formation  of  the  alloys  Cu  +  Zn,  Cu  +  Sn,  Cu  +  Bi,  Cu-FSb,  Pb  +  Sb,  Ag-hPb, 
ig  +  Sn,  Au4-Zn,  Au4-Sn,  &c.,  is  accompanied  by  a  contraction  (and  evolution  of  heat). 
The  formation  of  the  alloys  Fe-Hl-ib,  Fe-hPb,  Cu  +  Pb,  Pb  +  Sn,  Pb-I-Sn,  Pb  +  Sb, 
Zn  +  Sb,  Ag4-Cu,  Au-I-Cu,  Au  +  Pb,  takes  place  with  a  certain  increase  in  volume. 
With  regard  to  the  alloys  of  gold,  it  may  be  mentioned  that  gold  is  only  slightly 
dissolved  by  mercury  (about  006  p.c,  Dudley,  1890)  ;  the  remaining  portion  forms  a 
granular  alloy,  whose  composition  has  not  been  definitely  determined.  Aluminium  {and 
silicon)  also  have  the  capacity  of  forming  alloys  with  gold.  The  presence  of  a  small 
amount  of  aluminium  lowers  the  melting  point  of  gold  considerably  (Eoberts-Austen, 
1892) ;  thus  the  addition  of  4  p.c.  of  aluminium  lowers  it  by  14°-2S,  the  addition  of  10  p.c. 
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aspect,  gold  presents,  as  is  already  seen  from  its  general  characteristics 
given  above,  an  example  of  the  so-called  noble  metals — i.e.  it  is 
incapable  of  being  oxidised  at  any  temperature,  and  its  oxide  is 
decomposed  when  calcined.  Only  chlorine  and  bromine  combine 
directly  with  it  at  the  ordinary  temperature,  but  many  other  metals 
and  non-metals  combine  with  it  at  a  red  heat — for  example,  sulphur, 
phosphorus,  and  arsenic.  Mercury  dissolves  it  with  great  ease.  It 
dissolves  in  potassium  cyanide  in  the  presence  of  air ;  a  mixture  of 
sulphuric  acid  with  nitric  acid  dissolves  it  with  the  aid  of  heat, 
although  in  small  quantity.  It  is  also  soluble  in  aqua  regia  and  in 
selenic  acid.  Sulphuric,  hydrochloric,  nitric,  and  hydrofluoric  acids 
and  the  caustic  alkalis  do  not  act  on  gold,  but  a  mixture  of  hydro- 
chloric acid  with  such  oxidising  agents  as  evolve  chlorine  naturally 
dissolves  it  like  aqua  regia. -'^  *'''. 

As  regards  the  compounds  of  gold,  they  belong,  as  was  said 
above,  to  the  types  AuXj  and  AuX.  Aitric  chloride  or  gold  tri- 
chloride, AuClj,  which  is  formed  when  gold  is  dissolved  in  aqua  regia, 
belongs  to  the  former  and  higher  of  these  types.  The  solution  of  this 
substance  in  water  has  a  yellow  colour,  and  it  may  be  obtained  pure  by 
evaporating  the  solution  in  aqua  regia  to  dryness,  but  not  to  the  point 
of  decomposition.  If  the  evaporation  proceed  to  the  point  of  crystal- 
lisation, a  compound  of  gold  chloride  and  hydrochloric  acid,  AuHCl^,  is 
obtained,  like  the  allied  compounds  of  platinum  ;  but  it  easily  parts 
with  the  acid  and  leaves  auric  chloride,  which  fuses  into  a  red-brown 
liquid,  and  then  solidifies  to  a  crystalline  mass.  If  dry  chlorine  be 
passed  over  gold  in  powder  it  forms  a  mixture  of  aurous  and  auric 
chlorides,  but  the  aurous  chloride  is  also  decomposed  by  water  into 
gold  and  auric  chloride.  Auric  chloride  crystallises  from  its  solutions 
as  AuCl;,,2H20,  which  easily  loses  water,  and  the  dry  chloride  loses 
two-thirds   of   its   chlorine  at  185°,  forming    aurous   chloride,  whilst 

Al  by  41°"7.  The  latter  alloy  is  white.  The  alloy  AuAlg  has  a  characteristic  purple 
colour,  and  its  melting  point  is  32'-*5  above  that  of  gold,  which  shows  it  to  be  a  definite 
compound  of  the  two  metals.  The  melting  points  of  alloys  richer  in  A]  gradually  fall 
to  660° — that  is,  below  that  of  aluminium  (665°). 

Heycock  and  Neville  (1892),  in  studying  the  triple  alloys  of  Au,  Cd,  and  Sn,  observed 
a  tendency  in  the  gold  to  give  compounds  with  Cd,  and  by  sealing  a  mixtm'e  of  Au  and  Cd 
in  a  tube,  from  which  the  air  had  been  exhausted,  and  heating  it,  they  obtained  a  grey 
crystalline  brittle  definite  alloy  AuCd. 

^-bis  Calderon  (1892),  at  the  request  of  some  jewellers,  investigated  the  cause  of  a 
peculiar  alteration  sometimes  found  on  the  surface  of  dead-gold  articles,  there  appearing 
brownish  and  blackish  spots,  which  widen  and  alter  their  form  in  course  of  time.  He 
came  to  the  conclusion  that  these  spots  are  due  to  the  appearance  and  development  of 
peculiar  micro-organisms  (Aspergillus  niger  and  Micrococcus  cimbareus)  on  the  gold, 
spores  of  which  were  found  in  abundance  on  the  cotton-wool  in  which  the  gold  articles 
had  been  kept. 
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above  300°  the  latter  chloride  also  loses  its  chlorine  and  leaves 
metallic  gold.  Auric  chloride  is  the  usual  form  in  wliich  gold  occurs  in 
solutions,  and  in  which  its  salts  are  used  in  the  arts  and  for  chemical 
purposes.  It  is  soluble  in  water,  alcohol,  and  ether.  Light  has  a  reduc- 
ing action  on  these  solutions,  and  after  a  time  metallic  gold  is  deposited 
upon  the  sides  of  vessels  containing  the  solution.  Hydrogen  when 
nascent,  and  even  in  a  gaseous  form,  reduces  gold  fi-om  this  solution 
to  a  metallic  state.  The  reduction  is  more  conveniently  and  usually 
effected  by  ferrous  sulphate,  and  in  general  by  the  action  of  ferrous 
salts.^'* 

If  a  solution  of  potassium  hydroxide  be  added  to  a  solution  of  auric 
chloride,  a  precipitate  is  iirst  formed,  which  re-dissolves  in  an  excess  of 
the  alkali.  On  being  evaporated  under  the  receiver  of  an  air-pump, 
this  solution  yields  yellow  crystals,  which  present  the  same  composition 
as  the  double  salts  AuMCIj,  with  the  substitution  of  the  chlorine  by 
oxygen — that  is  to  say,  jyotassitun  aurate,  AuKO.j,  is  formed  in  crystals 
containing  SH^O.  The  solution  has  a  distinctly  alkaline  reaction. 
Aii'nc  oxich\  AujOg,  separates  when  this  alkaline  solution  is  boiled  with 
an  excess  of  sulphuric  acid.  But  it  then  .still  retains  some  alkali ;  how- 
ever, it  may  be  obtained  in  a  pure  state  as  a  brown  powder  by 
dissolving  in  nitric  acid  and  diluting  with  water.  The  brown  powder 
decomposes  below  2.50°  into  gold  and  oxygen.  It  is  insoluble  in  water 
and  in  many  acids,  but  it  dissolves  in  alkalis,  wliich  .shows  the  acid 
chai'acter  of  this  oxide.  An  hydroxide,  Au(0H)3,  may  be  obtained  as  a 
brown  powder  by  adding  magnesium  oxide  to  a  .solution  of  auric  chlo- 
ride and  treating  the  resultant  precipitate  of  magnesium  aurate  with 
nitric  acid.    This  hydroxide  loses  water  at  100°,  and  gives  auric  oxide.'* 

^^  Stannous  chloride  as  a  reducing  agent  also  acts  on  auric  chloride,  and  gives  a  red 
XJrecipitate  known  as  jjurple  of  Cassius.  This  substance,  which  probably  contains  a 
mixture  or  compound  of  aurous  oxide  and  tin  oxide,  is  used  as  a  red  pigment  for  china 
and  glass.  Oxalic  acid,  on  heating,  reduces  metallic  f;old  from  its  salts,  and  this  property- 
may  be  taken  advantage  of  for  sep^rating  it  from  its  solutions.  The  oxidation  which 
then  takes  place  in  the  presence  of  water  may  be  expiessvd  by  the  following  equation  : 
2AuCl3  4-3C.,H.204— 2Am-6HCl  t  OCO.i.  Nearly  all  organic  substances  have  a  reducing 
action  on  gold,  and  solutions  of  gold  leave  a  violet  stain  on  the  skin. 

Auric  chloride,  like  xjlatmic  chloride,  is  distinguished  for  its  clearly-developed 
property  of  forming  double  salts.  These  double  salts,  as  a  rule,  belong  to  the  type 
AuMClj.  The  compound  of  auric  chloride  with  hydrochloric  acid  mentioned  above 
evidently  belongs  to  the  same  type.  The  compounds  ■JK,iuCl4,5H.jO,  NaAuCl4,2HiO, 
AuNH4Cl4,H.,0,  MgfAuCl  |),,2H.jO.  and  the  like  are  easily  crystallised  in  well-formed 
crystals.  "Wells,  Wheeler,  and  Penfield  (1892)  obtained  HbAuCl4  (reddish  yellow)  and 
CsAuClj  (golden  yellow),  and  corresponding  bromides  (dark  coloured).  AuBrj  is  ex- 
tremely lilce  the  chloride.  Auric  cyanide  is  obtained  easily  in  the  form  of  a  double  salt 
of  potassium,  KAu(CN),,  by  mixing  saturated  and  hot  solutions  of  potassium  cyanide 
with  auric  chloride  and  then  cooling. 

''^  If  ammonia  be  added  to  a  solution  of  auric  chloride,  it  forms  a  yellow  precipitate 
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The  starting-point  of  the  compounds  of  the  type  AuX  ^^  is  gold 
inonocldoride  or  aitrons  chloridpy  AuCl,  which  is  formed,  as  mentioned 
above,  by  heating  auric  chloride  at  185°.  Aurous  chloride  forms  a 
yellowish-white  powder  ;  this,  when  heated  with  water,  is  decomposed 
into  metallic  gold  and  auric  chloride,  which  passes  into  solution  : 
3AuCl  =  AuClg  +  2  Au.  This  decomposition  is  accelerated  by  the  action 
of  light.  Hence  it  is  obvious  that  the  compounds  corresponding  with 
aurous  oxide  are  comparatively  unstable.  But  this  only  refers  to  the 
simple  compounds  AuX  ;  some  of  the  complex  compounds,  on  the 
contrary,  form  the  most  stable  compounds  of  gold.  Such,  for  ex- 
ample, is  the  cyanide  of  gold  and  potassium,  AuK(CX)2.  It  is  formed, 
for  instance,  when  finely-divided  gold  dissolves  in  the  presence  of 
air  in  a  solution  of  potassium  cyanide  :  -tKCN  +  2Au  +  HoO  +  0 
:=  2KAu(CX).>  +  2KHO  (this  reaction  also  proceeds  with  solid  pieces 
of  gold,  although  very  slowly).  The  same  compound  is  formed  in 
solution  when  many  compounds  of  gold  are  mixed  with  potassium 
cyanide,  because  if  a  higher  compound  of  gold  be  taken,  it  is  reduced 

of  the  so-called  fulminating  gold,  which  contains  gold,  chlorine,  hydrogen,  nitrogen, 
and  oxygen,  but  its  formula  is  not  kno^^Ti  with  certaintj'.  It  is  probably  a  sort  of  am- 
nionio-metallic  compound,  An.jO,-,4NH-^,  or  amide  (like  the  mercury  compound).  This 
precipitate  explodes  at  140^,  hut  when  left  in  the  presence  of  solutions  containing  am- 
monia it  loses  all  its  chlorine  and  becomes  non-explosive.  In  this  forjn  the  composition 
Au.iO:.,'2NH-.HoO  is  ascribed  to  it,  but  this  is  uncertain.  Auric  sulphide,  AuoS^,  is 
obtained  by  the  action  of  hydrogen  sulphide  on  a  solution  of  auric  chloride,  and  also 
directly  by  fusing  sulphur  with  gold.  It  has  an  acid  character,  and  therefore  dissolves 
in  sodium  and  auimonium  sulphides. 

5''  Many  double  salts  of  suboxide  of  gold  belong  to  the  type  AuX — for  instance,  the 
cyanide  corresponding  to  the  tyi^e  AuKXo,  like  PtK.iX.(,  with  which  we  became  acquainted 
in  the  last  chapter.  M'e  will  enumerate  several  of  the  representatives  of  this  class  of 
compounds.  If  auric  chloride,  AuCl-,  be  mixed  with  a  solution  of  sodium  thiosulphate, 
the  gold  x^asses  into  a  colourless  solution,  which  dei^osils  colourless  crystals,  con- 
taining LL  double  thiosulphate  of  gold  and  sodium,  which  are  easily  soluble  in  water 
but  are  in'ecipitated  by  alcohol.  The  composition  of  this  salt  is  Na^AufS  ,03)o,"2HoO. 
If  the  sodium  thiosulphate  be  represented  as  Na^oO^Na,  the  double  salt  in  question 
will  be  AuNa{So05Na)o,2H.iO,  according  to  the  type  AuXaX...  The  solution  of  this 
colourless  and  easily  crystallisable  salt  has  a  sweet  taste,  and  the  gold  is  not  separated 
from  it  either  by  ferrous  sulphate  or  oxalic  acid.  This  salt,  which  is  known  as  Fordos 
and  Gelis's  salt,  is  used  in  medicine  and  photography.  In  general,  aurous  oxide 
exhibits  a  distinct  inclination  to  the  formation  of  similar  double  salts,  as  we  saw  also 
with  PtXo — for  example,  it  forms  similar  salts  with  sulphurous  acid.  Thus  if  a  solution 
of  sodium  sulphite  be  gradually  added  to  a  solution  of  oxide  of  gold  in  sodium 
hydroxide,  the  precipitate  at  first  formed  re-dissolves  to  a  colourless  solution,  which 
contains  the  double  salt  Xa5Au(S0,-)_.  =  AuNa{S05Na)2.  The  solution  of  this  salt, 
when  mixed  with  barium  chloride,  first  forms  a  precipitate  of  barium  sulphite,  and 
then  a  red  barium  double  salt  which  corresponds  with  the  above  sodium  salt. 

The  oxygen  compound  of  the  type  AuX,  aitrous  oxide,  AuoO,  is  obtained  as  a  greenish 
violet  powder  on  mixing  aui'ous  chloride  with  potassium  chloride  in  the  cold.  With 
hydrochloric  acid  this  oxide  gives  gold  and  auric  chloride,  and  when  heated  it  easily 
splits  up  into  oxygen  and  metallic  gold. 
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hj  the  potassium  cyanide  into  aureus  oxide,  which  dissolves  in  potas- 
sium cyanide  and  forms  KAu(CN)2.  This  substance  is  soluble  in 
water,  and  gives  a  colourless  solution,  which  can  be  kept  for  a  long 
time,  and  is  employed  in  electro-gilding — that  is,  for  coating  other 
metallic  objects  with  a  layer  of  gold,  which  is  deposited  if  the  object 
be  connected  with  the  negative  pole  of  a  battery  and  the  positive  pole 
■consist  of  a  gold  plate.  When  an  electric  current  is  passed  between 
them,  the  gold  from  the  latter  will  dissolve,  whilst  a  coating  of  gold 
from  the  solution  will  bo  deposited  on  the  object. 


:  G  2 
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AN   ATTEMPT   TO   APPLY   TO    GHEMISTEY   ONE    OF   THE 
PEINCIPLES   OF   NEWTON'S   NATUEAL   PHILOSOPHY 

By   PEOFESSOR   MENDELEEFP 


A  LECTURE   DELIVERED   AT    THE    ROYAL   INSTITUTION    OF    GREAT    BRITAIN 
ON   FRIDAY,    MAY   31,  1889 

Nature,  inert  to  the  eyes  of  the  ancients,  has  been  revealed  to  ns  as  full  of 
life  and  activity.  The  conviction  that  motion  pervaded  all  things,  which  was 
first  realised  with  respect  to  the  stellar  universe,  has  now  extended  to  the 
unseen  world  of  atoms.  No  sooner  had  the  human  understanding  denied  to 
ihe  earth  a  fixed  position  and  launched  it  along  its  path  in  space,  than  it  was 
sought  to  fix  immovably  the  sun  and  the  stars.  But  astronomy  has  demon- 
strated that  the  siiu  moves  with  unswerving  regularity  through  the  star-set 
universe  at  the  rate  of  about  50  kilometres  per  second.  Among  the  so-called 
fixed  stars  are  now  discerned  manifold  changes  and  various  orders  of  move- 
ment. Light,  heat,  electricity — liie  so^ind — have  been  proved  to  be  modes 
of  motion  ;  to  the  realisation  of  this  fact  modern  science  is  indebted  for 
powers  which  have  been  used  with  such  brilliant  success,  and  which  have  been 
expounded  so  clearly  at  this  lecture  table  by  Faraday  and  by  his  successors. 
As,  in  the  imagination  of  Dante,  the  invisible  air  became  peopled  with  spiritual 
beings,  so  before  the  eyes  of  earnest  investigators,  and  especially  before  those 
of  Clerk  Maxwell,  the  invisible  mass  of  gases  became  peopled  with  particles  : 
their  rapid  movements,  their  collisions,  and  impacts  became  so  manifest  that 
it  seemed  almost  possible  to  count  the  impacts  and  determine  many  of 
the  peculiarities  or  laws  of  their  collisions.  The  fact  of  the  existence  of 
these  invisible  motions  may  at  once  be  made  apparent  by  demonstrating  the 
difference  in  the  rate  of  diffusion  through  porous  bodies  of  the  light  and 
rapidly  moving  atoms  of  hydrogen  and  the  heavier  and  more  sluggish  par- 
ticles of  air.  Within  the  masses  of  liquid  and  of  solid  bodies  we  have  been 
forced  to  acknowledge  the  existence  of  persistent  though  limited  motion  of 
their  ultimate  particles,  for  otherwise  it  would  be  impossible  to  explain,  for 
example,  the  celebrated  experiments  of  Graham  on  diffusion  through  liiinid 
and  colloidal  substances.     If  there   were,   in  our  times,   no   belief  in   the 
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molecular  motion  in  solid  bodies,  could  the  famous  Spring  have  hoped  to' 
attain  any  result  by  mixing  carefully-dried  powders  of  potash,  saltpetre  and 
sodium  acetate,  in  order  to  produce,  by  pressure,  a  chemical  reaction  between 
these  substances  through  the  interchange  of  their  metals,  and  have  derived, 
for  the  conviction  of  the  incredulous,  a  mixture  of  two  hygroscopic  though 
solid  salts — sodium  nitrate  and  potassium  acetate  ? 

In  these  invisible  and  apparently  chaotic  movements,  reaching  from  the 
stars  to  the  minutest  atoms,  there  reigns,  however,  a  harmonious  order  which 
is  commonly  mistaken  for  complete  rest,  but  which  is  really  a  consequence 
of  the  conservation  of  that  dynamic  equilibrium  which  was  first  discerned 
by  the  genius  of  Newton,  and  which  has  been  traced  by  his  successors  in  the 
detailed  analysis  of  the  particular  consequences  of  the  great  generalisation, 
namely,  relative  immovability  in  the  midst  of  universal  and  active  movements 
But  the  unseen  world  of  chemical  changes  is  closely  analogovis  to  the 
visible  world  of  the  heavenly  bodies,  since  our  atoms  form  distinct  portions 
of  an  invisible  world,  as  planets,  satellites,  and  comets  form  distinct  portions^ 
of  the  astronomer's  universe  ;  our  atoms  may  therefore  be  compared  to  the 
solar  systems,  or  to  the  systems  of  double  or  of  single  stars :  for  example, 
ammonia  (NH.,)  may  be  represented  in  the  simplest  manner  bj-  supposing 
the  sun,  nitrogen,  surrounded  by  its  planets  of  hydrogen  ;  and  common  salt 
(XaClj  may  be  looked  on  as  a  double  star  formed  of  sodium  and  chlorine. 
Besides,  no^^•  that  the  indestructibility  of  the  elements  has  been  acknow- 
ledged, chemical  changes  cannot  otherwise  be  explained  than  as  changes  of 
motion,  and  the  production  by  chemical  reactions  of  galvanic  currents,  of 
light,  of  heat,  of  pressure,  or  of  steam  power,  demonstrates  visibly  that  the 
processes  of  chemical  reaction  are  inevitably  connected  with  enormous  though 
unseen  displacements,  originating  in  the  movements  of  atoms  in  molecules. 
Astronomers  and  natural  philosophers,  in  studying  the  visible  motions  of  the 
heavenly  bodies  and  of  matter  on  the  earth,  have  understood  and  have  esti- 
mated the  value  of  this  store  of  energy.     But  the  chemist  has  had  to  pursue 
a  contrary  course.     Observing  in  the  physical  and  mechanical  phenomena 
which  accompany  chemical  reactions  the  quantity  of  energy  manifested  by 
the  atoms  and  molecules,  he  is  constrained  to  acknowledge  that  within  the 
molecules  there  exist  atoms  in  motion,  endowed  with  an  energy  which,  like 
matter  itself,  is  neither  being  created  nor  capable  of  being  destroyed.    There- 
fore, in  chemistry,  we  must  seek  dynamic  equilibrium  not  only  between  the 
molecules,  but  also  m  their  midst  among   their  component  atoms.     Many 
I  conditions  of  such  equihbrium  have  been  determined,  but  much  remains  to  be 
done,  and  it  is  not  uncommon,  even  in  these  days,  to  find  that  some  chemists 
forget  that  there  is  the  possibility  of  motion  in  the  interior  of  molecules,  and 
therefore  represent  them  as  being  in  a  condition  of  death-like  inactivity. 

Chemical  combinations  take  place  with  so  much  ease  and  rapidity, 
possess  so  many  special  characteristics,  and  are  so  numerous,  that  their  sim- 
plicity and  order  were  for  a  long  time  hidden  from  investigators.  Sympathy, 
relationship,  all  the  caprices  or  all  the  fancifulness  of  human  intercourse, 
seemed  to  have  found  complete  analogies  in  chemical  combinations,  but  with 
this  difference,  that  the  characteristics  of  the  material  substances — such  as. 
silver,  for  example,  or  of  any  other  body — remain  unchanged  in  every  sub- 
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division  from  tlie  largest  masses  to  the  smallest  particlep,  and  consequently 
these  characteristics  must  be  properties  of  the  pai  tides.  But  the  world  of 
heavenly  luminaries  appeared  equally  fanciful  at  man's  iirst  acquaintance 
with  it,  so  much  so,  that  the  astrologers  imagined  a  connection  between  the 
individualities  of  men  and  the  conjunctions  of  planets.  Thanks  to  the  genius 
of  Lavoisier  and  of  Dalton,  man  has  been  able,  in  the  unseen  world  of  che- 
mical combinations,  to  recognise  laws  of  the  same  simple  order  as  those 
which  Copernicus  and  Kepler  proved  to  exist  in  the  planetary  universe.  Man 
discovered,  and  continues  every  hour  to  discover,  ^vhat  remains  unchanged 
in  chemical  evolution,  and  lioiv  changes  take  place  in  combinations  of  the 
unchangeable.  He  has  learned  to  predict,  not  only  what  possible  combina- 
tions may  take  place,  but  also  the  very  existence  of  atoms  of  unknown  elemen- 
tary substances,  and  has  besides  succeeded  in  making  innumerable  practical 
applications  of  his  knowledge  to  the  great'  advantage  of  his  race,  and  has 
accomplished  this  notwithstanding  that  notions  of  sympathy  and  affinity 
still  preserve  a  strong  vitality  in  science.  At  present  we  cannot  apply 
Newton's  principles  to  chemistry,  because  the  soil  is  only  being  now  prepared. 
The  invisible  world  of  chemical  atoms  is  still  waiting  for  the  creator  of  che- 
mical mechanics.  For  him  our  age  is  collecting  a  mass  of  materials,  the 
inductions  of  well-digested  facts,  and  many-sided  inferences  similar  to  those 
which  existed  for  Astronomy  and  Mechanics  in  the  days  of  Newton.  It  is 
well  also  to  remember  that  Newton  devoted  much  time  to  chemical  experi- 
ments, and  while  considering  questions  of  celestial  mechanics,  persistently 
kept  in  view  the  mutual  action  of  those  infinitely  small  worlds  which  are 
concerned  in  chemical  evolutions.  For  this  reason,  and  also  to  maintain  the 
unity  of  laws,  it  seems  to  me  that  we  must,  in  the  first  instance,  seek  to 
harmonise  the  various  phases  of  contemporary  chemical  theories  with  the 
immortal  principles  of  the  Newtonian  natural  philosophy,  and  so  hasten  the 
advent  of  true  chemical  mechanics.  Let  the  above  considerations  serve  as  / 
my  justification  for  the  attempt  which  I  propose  to  make  to  act  as  a  champion 
of  the  viniversalit}'  of  the  Newtonian  principles,  which  I  believe  are  com- 
petent to  embrace  every  phenomenon  in  the  universe,  from  the  rotation  of 
the  fixed  stars  to  the  interchanges  of  chemical  atoms. 

In  the  first  place  I  consider  it  indispensable  to  bear  in  mind  that,  up  to 
quite  recent  times,  only  a  one-sided  afiinity  has  been  recognised  in  chemical 
reactions.  Thus,  for  example,  from  the  circumstance  that  red-hot  iron  de- 
composes water  with  the  evolution  of  hydrogen,  it  was  concluded  that  oxygen 
had.  a  greater  affinity  for  iron  than  for  hydrogen.  But  hydrogen,  in  presence 
of  red-hot  iron  scale,  appropriates  its  oxygen  and  forms  water,  vs'hence  an 
exactly  opposite  conclusion  may  be  formed. 

During  the  last  ten  years  a  gradual,  scarcely  perceptible,  but  most 
important  change  has  taken  place  in  the  views,  and  consequently  in  the 
researches,  of  chemists.  They  have  sought  everywhere,  and  have  always 
found,  systems  of  conservation  or  dj'namic  equilibrium  substantially  similar 
to  those  which  natural  philosophers  have  long  since  discovered  in  the  visible 
world,  and  in  virtue  of  which  the  position  of  the  heavenly  bodies  in  the 
universe  is  determined.  There  where  one-sided  aifinities  only  were  at  first 
detected,  not  only  secondary  or  lateral  ones  have  been  found,  but  even  those 
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which  are  diametrically  opposite ;  yet  among  these,  dynamical  equilibrimn 
establishes  itself  not  by  excluding  one  or  other  of  the  forces,  but  regulating 
them  all.  So  the  chemist  finds  in  the  flame  of  the  blast  furnace,  in  the 
formation  of  every  salt,  and,  Avith  especial  clearness,  in  double  salts  and  in 
the  crystallisation  of  solutions,  not  a  fight  ending  in  the  victory  of  one  side, 
as  used  to  be  supposed,  but  the  conjunction  of  forces ;  the  peace  of  dynamic 

I  equilibrium  resulting  from  the  action  of  many  forces  and  aflinities.  Car- 
bonaceous matters,  for  example,  burn  at  the  expense  of  the  oxygen  of  the 
air,  yielding  a  quantity  of  heat,  and  forming  products  of  combustion,  in 
which  it  was  thought  that  the  affinities  of  the-  oxygen  with  the  combustible 
elements  were  satisfied.  But  it  appeared  that  the  heat  of  combustion  was 
competent  to  decompose  these  products,  to  dissociate  the  oxygen  from  the 
combustible  elements,  and  therefore  to  explain  combustion  fully  it  is  neces- 
sary to  take  into  account  the  equilibrium  between  opposite  reactions,  between 
those  which  evolve  and  those  \\hich  absorb  heat. 

In  the  same  way,  in  the  case  of  the  solution  of  common  salt  in  water,  it 
is  necessary  to  take  into  account,  on  the  one  hand,  the  formation  of  compound 
particles  generated  by  the  combination  of  salt  with  water,  and,  on  the  other, 
the  disintegration  or  scattering  of  the  new  particles  formed,  as  well  as  of 
these  originally  contained.  At  present  we  find  two  currents  of  thought, 
apparently  antagonistic  to  each  other,  dominating  the  study  of  solutions : 
according  to  the  one,  solution  seems  a  mere  act  of  building  up  or  association  ; 

'  according  to  the  other,  it  is  only  dissociation  or  disintegration.  The  truth 
lies,  evidently,  between  these  views  ;  it  lies,  as  I  have  endeavoured  to  prove 
by  my  investigations  into  aqueous  solutions,  in  the  dynamic  equilibrium  of 
particles  tending  to  combine  and  also  to  fall  asunder.  The  large  majority  of 
chemical  reactions  which  appeared  to  act  victoi-iously  along  one  line  have 
been  proved  capable  of  acting  as  victoriously  even  along  an  exactly  opposite 
line.  Elements  which  utterly  decline  to  combine  directly  may  often  be 
formed  into  comparatively  stable  compounds  by  indirect  means,  as,  for  ex- 
ample, in  the  case  of  chlorine  and  carbon  ;  and  consequently  the  sympathies 
and  antipathies  which  it  was  thought  to  transfer  from  human  relations  to 
those  of  atoms  should  be  laid  aside  until  the  mechanism  of  chemical  rela- 
tions is  explained.  Let  us  remember,  however,  that  chlorine,  which  does  not 
form  with  carbon  the  chloride  of  carbon,  is  strongly  absorbed,  or,  as  it  were, 
dissolved,  by  carbon,  which  leads  us  to  suspect  incipient  chemical  action  even 
in  an  external  and  purely  surface  contact,  and  involuntarily  gives  rise  to 
conceptions  of  that  unity  of  the  forces  of  nature  which  has  been  so  ener- 
getically insisted  on  by  Sir  "William  Grove  and  formulated  in  his  iamous 
paradox.  Grove  noticed  that  platinum,  when  fused  in  the  oxyhydrogen 
flame,  during  which  operation  water  is  formed,  when  allowed  to  drop  into 
water  decomposes  the  latter  and  produces  the  explosive  oxyhydrogen  mixture. 
The  explanation  of  this  paradox,  as  of  many  others  which  arose  during  the 
period  of  chemical  renaissance,  has  led,  in  our  time,  to  the  promulgation  by 
Henri  Sainte-Claire  Deville  of  the  conception  of  dissociation  and  of  equili- 
brium, and  has  recalled  the  teaching  of  BerthoUet,  which,  notwithstauding  its 
brilliant  confirmation  by  Heinrich  Rose  and  Dr.  Gladstone,  had  not,  up  to 
that  period,  been  included  in  received  chemical  views. 
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Chemical  equilibrium  in  general,  and  dissociation  in  particular,  are  now 
being  so  fully  ^^'orked  out  in  detail,  and  supplied  in  such  various  wa>s,  that  I 
do  not  allude  to  tliem  to  develop,  but  only  use  them  as  examples  by  which 
to  indicate  the  correctness  of  a  tendency  to  regard  chemical  combinations 
from  points  of  view  differing  from  those  expressed  by  the  term  hitherto  ap- 
propriated to  define  chemical  forces,  namely,  '  affinity.'  Chemical  equilibria^ 
dissociation,  the  speed  of  chemical  reactions,  thermochemistry,  spectroscopy, 
and,  more  than  all,  the  determination  of  the  influence  of  masses  and  the 
search  for  a  connection  between  the  properties  and  weights  of  atoms  and 
molecules — in  one  word,  the  vast  mass  of  the  most  important  chemical  re- 
searches of  the  present  day--elearly  indicate  the  near  approach  of  the  time 
when  chemical  doctrines  will  submit  fully  and  completely  to  the  doctrine 
which  was  first  announced  in  the  Principia  of  Newton. 

In  order  that  the  application  of  these  principles  may  bear  fruit  it  is  evi- 
dently insufficient  to  assume  that  statical  equilibrium  reigns  alone  in  chemical 
systems  or  chemical  molecules:  it  is  necessary  to  grasp  the  conditions  of 
possible  states  of  dynamical  equilibria,  and  to  apply  to  them  kinetic  prin- 
ciples. Numerous  considerations  compel  us  to  renounce  the  idea  of  statical 
equilibrium  in  molecules,  and  the  recent  yet  strongly- supported  appeals  to 
dynamic  principles  constitute,  in  my  opinion,  the  foundation  of  the  modern 
teaching  relating  to  atomicity,  or  the  valency  of  the  elements,  which  usually 
forms  the  basis  of  investigations  into  organic  or  carbon  compounds. 

This  teaching  has  led  to  brilliant  explanations  of  very  many  chemical 
relations  and  to  cases  of  isomerism,  or  the  difference  in  the  properties  of 
substances  having  the  same  composition.  It  has  been  so  fruitful  in  its  many 
applications  and  in  the  foreshadowing  of  remote  consequences,  especially 
respecting  carbon  compounds,  that  it  is  impossible  to  deny  its  claims  to  be 
ranked  as  a  great  achievement  of  chemical  science.  Its  practical  application 
to  the  synthesis  of  many  substances  of  the  most  complicated  composition 
entering  into  the  structure  of  organised  bodies,  and  to  the  creation  of  an  un- 
Umited  number  of  carbon  compounds,  among  which  the  colours  derived  from 
coal  tar  stand  prominently  forward,  surpass  the  synthetical  powers  of  Nature 
itself.  Yet  this  teaching,  as  applied  to  the  structure  of  carbon  compounds, 
is  not  on  the  face  of  it  directly  applicable  to  the  investigation  of  other  ele- 
ments, because  in  examining  the  first  it  is  possible  to  assume  that  the  atoms 
of  carbon  have  always  a  definite  and  equal  number  of  affinities,  whilst  in  the 
combinations  of  other  elements  this  is  evidently  inadmissible.  Thus,  for 
example,  an  atom  of  carbon  yields  only  one  compound  with  four  atoms  of 
hydrogen  and  one  with  four  atoms  of  chlorine  in  the  molecule,  whilst  the 
atoms  of  chlorine  and  hydrogen  unite  only  in  the  proportions  of  one  to  one. 
Simplicity  is  here  evident,  and  forms  a  point  of  departure  from  which  it  is 
easy  to  move  forward  with  firm  and  secure  tread.  Other  elements  are  of  a 
different  nature.  Phosphorus  unites  with  three  and  with  five  atoms  of 
chlorine,  and  consequently  the  simplicity  and  sharpness  of  the  application  of 
structural  conceptions  are  lost.  Sulphur  unites  only  with  two  atoms  of 
hydrogen,  but  with  oxygen  it  enters  into  higher  orders  of  combination.  The 
periodic  relationship  which  exists  among  all  the  properties  of  the  elements — 
such,  for  example,  as  their  ability  to  enter  into  various  combinations — and 


458  PEIXOIPLES   Of   CHEMISTRY 

their  atomic  weights,  indicate  that  this  variation  in  atomicity  is  subject  to 
one  perfectly-  exact  and  general  law,  and  it  is  only  carbon  and  its  near 
analogues  which  constitute  cases  of  permanently  preserved  atomicity.  It  is 
impossible  to  recognise  as  constant  and  fundamental  properties  of  atoms, 
powers  winch,  in  substance,  have  proved  to  be  variable.  But  by  abandoning 
the  idea  of  permanence,  and  of  the  constant  saturation  of  affinities — that  is 
to  say,  by  acknowledging  the  possibility  of  free  affinities— many  retain  u, 
comprehension  of  the  atomicity  of  the  elements  '  under  given  conditions ; ' 
and  on  this  frail  foundation  they  build  up  structures  composed  of  chemical 
molecules,  evidently  only  because  the  conception  of  manifold  afSnities  gives, 
at  once,  a  simple  statical  method  of  estimating  the  composition  of  the  most 
complicated  molecules. 

I  shall  enter  neither  into  details,  nor  into  the  various  consequences  follow- 
ing from  these  views,  nor  into  the  disputes  which  have  sprung  up  respecting 
them  (and  relating  especiall}'  to  the  number  of  isomerides  possible  on  the 
assumption  of  free  affinities),  because  the  foundation  or  origin  of  theories  of 
this  nat\ire  suffers  from  the  radical  defect  of  being  in  opposition  to  dynamics. 
The  molecule,  as  even  Laurent  expressed  himself,  is  represented  as  an  archi- 
tectural structure,  the  style  of  which  is  determined  by  the  fundamental 
arrangement  of  a  few  atoms,  whilst  the  decorative  details,  which  are  capable 
of  being  varied  by  the  same  forces,  are  formed  by  the  elements  entering  into 
the  combination.  It  is  on  this  account  that  the  term  '  structural '  is  so  appro- 
priate to  the  contemporary  views  of  the  above  order,  and  that  the  '  struc- 
turalists'  seek  to  justify  the  tetrahedric,  plane,  or  prismatic  disposition  of 
the  atoms  of  carbon  in  benzene.  It  is  evident  that  the  consideration  relates 
to  the  statical  position  of  atoms  and  molecules  and  not  to  their  kinetic  rela- 
tions. The  atoms  of  the  structural  type  are  like  tlie  lifeless  pieces  on  a  chess 
board :  they  are  endowed  but  with  the  voices  of  living  beings,  and  are  not 
those  living  beings  themselves  ;  acting,  indeed,  according  to  laws,  yet  each 
possessed  of  a  store  of  energy  \\'hich,  in  the  present  state  of  our  knowledge, 
must  be  taken  into  account. 

In  the  days  of  Hatty,  crystals  were  considered  in  the  same  statical  and 
structural   light,  but   modern   crystallographers,  having  become  more  tho- 
roughly acqtiainted  ^\ith  their  physical  properties  and  their  actual  formation, 
have  abandoned  the  earlier  views,  and  have  made  their  doctrines  dependent 
I  on  dynamics. 

/  The  immadiate  object  of  this  lecture  is  to  show  that,  starting  with 
Newton's  third  law  of  motion,  it  is  possible  to  preserve  to  chemistry  all  the 
advantages  arising  from  structural  teaching,  without  being  obliged  to  build 
up  molecules  in  solid  and  motionless  figures,  or  to  ascribe  to  atoms  definite 
limited  valencies,  directions  of  cohesion,  or  affinities.  The  wide  extent  of 
the  subject  obliges  me  to  treat  only  a  small  portion  of  it,  namely  ol  substitu- 
tions, without  specially  considering  combinations  and  decompositions,  and 
even  then  limiting  myself  to  the  simplest  examples,  which,  however,  will 
throw  open  prospects  embracing  all  the  natural  complexity  of  chemical  rela- 
tions. For  this  reason,  if  it  should  prove  possible  to  form  groups  similar,  for 
example,  to  H,  or  CH,;  as  the  remnants  of  molecules  CH,  or  C.,H,  we  shall 
not  pause  to  consider  them,  because,  as  far  as  we  know,  they  fall  asunder  into 
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twri  parts,  H,,  +  H.,  or  CH,  +  H.,,  as  soon  as  they  are  even  temporarilj-  formed, 
and  are  incapable  of  separate  existence,  and  therefore  can  take  no  part  in 
the  elementary  act  of  substitution.  With  respect  to  the  simplest  molecules 
which  we  shall  select— that  is  to  say,  those  of  which  the  parts  have  no  sepa- 
rate existence,  and  therefore  cannot  appear  in  substitutions — we  shall  con- 
sider them  according  to  the  periodic  law,  arranging  them  in  direct  dependence 
on  the  atomic  weight  of  the  elements. 

Thus,  for  example,  the  molecules  of  the  simplest  hydrogen  compounds — 

HF  H„0  H.,N  H,C 

liydrofluoric  acid  water  ammonia  metliane 

correspond  with  elements  the  atomic  weights  of  which  decrease  consecutively 
F  =  19,  0  =  16,  N  =  14,  C  =  12. 

Neither  the  arithmetical  order  (1,  2,  3,  4  atoms  of  hydrogen)  nor  the  total 
information  we  possess  respecting  the  elements  will  permit  us  to  interpolate 
into  this  typical  series  one  more  additional  element ;  and  therefore  we  have 
here,  for  hydrogen  compounds,  a  natural  base  on  which  are  built  up  those 
simple  chemical  combinations  which  we  take  as  t3'pical.  But  even  they  are 
competent  to  unite  with  each  other,  as  we  see,  for  instance,  in  the  property 
which  hydrofluoric  acid  has  of  forming  a  hydrate — that  is,  of  combining  with 
water ;  and  a  similar  attribute  of  ammonia,  resulting  in  the  formation  of  a 
caustic  alkah,  NH.„H,0,  or  NH^OH. 

Having  made  these  indispensable  preliminary  observations,  I  may  now 
attack  the  problem  itself  and  attempt  to  explain  the  so-called  structure  or 
rather  construction,  of  molecules— that  is  to  say,  their  constitution  and  trans- 
formations— without  having  recourse  to  the  teaching  of  '  structuralists,'  but  on 
Newton's  dynamical  principles. 

Of  Newton's  three  laws  of  motion,  only  the  third  can  be  applied  directly 
to  chemical  molecules  when  regarded  as  systems  of  atoms  among  which  it 
must  be  supposed  that  there  exist  common  influences  or  forces,  and  resulting 
compounded  relative  motions.  Chemical  reactions  of  every  kind  are  un- 
doubtedly accomplished  by  changes  in  these  internal  movements,  respecting 
the  nature  of  whioli  nothing  is  known  at  present,  but  the  existence  of  which 
the  mass  of  evidence  collected  in  modern  times  forces  us  to  acknowledge  as 
forming  part  of  the  common  motion  of  the  universe,  and  as  a  fact  further 
established  by  the  circumstance  that  chemical  reactions  are  always  charac- 
terised by  changes  of  volume  or  the  relations  between  the  atoms  or  the 
molecules.  Newton's  third  law,  which  is  applicable  to  every  system,  declares 
that,  '  action  is  also  associated  with  reaction,  and  is  equal  to  it.'  The 
brevity  of  conciseness  of  this  axiom  was,  however,  qualified  by  Newton  in 
a  more  expanded  statement,  'the  action  of  bodies  one  upon  another  are 
always  equal,  and  in  opposite  directions.'  This  simple  fact  constitutes  the 
point  of  departure  for  explaining  dynamic  equilibrium — that  is  to  say,  systems 
of  conservancy.  It  is  capable  of  satisfying  even  the  dualists,  and  of  explain- 
ing, without  additional  assumptions,  the  preservation  of  those  chemical  types 
which  Dumas,  Laurent,  and  Gerhardt  created  unit  types,  and  those  views  of 
atomic   combinations  which  the  structuralists  express  by  atomicitj-  or  the 
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valency  of  the  elements,  and,  in  connection  ^\•ith  them,  the  various  numbers 
of  atfinities.  In  reality,  if  a  system  of  atoms  or  a  molecule  be  g'ven,  then  in 
it,  according  to  the  third  law  of  Newton,  each  portion  of  atoms  acts  on  the 
remaining  portion  in  the  same  manner,  and  with  the  same  force  as  the 
second  set  of  atoms  acts  on  the  first.  We  infer  directly  from  this  considera- 
tion that  both  sets  of  atoms,  forming  a  molecule,  are  not  only  equivalent  with 
regard  to  themselves,  as  they  must  be  according  to  Dalton's  law,  but  also  that 
they  may,  if  united,  replace  each  other.  Let  there  be  a  molecule  containing 
atoms  A  B  G,  it  is  clear  that,  according  to  Newton's  law,  the  action  of  A  on 
B  C  must  be  equal  to  the  action  of  B  0  on  A,  and  if  the  first  action  is  directed 
on  B  C,  then  the  second  must  be  directed  on  A,  and  consequently  then,  where 
A  can  exist  in  dynamic  equilibrium,  B  C  may  take  its  place  and  act  in  a  like 
manner.  In  the  same  way  the  action  of  C  is  equal  to  tlie  action  of  A  B.  In 
one  word  every  two  sets  of  atoms  forming  a  molecule  are  equivalent  to  each 
other,  and  may  take  each  other's  place  in  other  molecules,  or,  having  the 
power  of  balancing  each  other,  the  atoms  or  their  complements  are  endowed 
with  the  power  of  replacing  each  other.  Let  us  call  this  consequence  of  an 
evident  axiom  '  the  principle  of  substitution,'  and  let  us  apply  it  to  those 
typical  forms  of  hydrogen  compounds  which  we  have  already  discussed,  and 
which,  on  account  of  their  simplicity, and  regularity,  have  served  as  starting- 
points  of  chemical  argument  long  before  the  appearance  of  the  doctrine  of 
structure. 

In  the  type  of  hydrofluoric  acid,  HF,  or  in  systems  of  double  stars,  are 
included  a  multitude  of  the  simplest  molecules.  It  will  be  sufficient  for  our 
purpose  to  recall  a  few :  for  example,  the  molecules  of  chlorine,  tl,,  and  of 
hydrogen,  H.„  and  hydrochloric  acid,  HCl,  which  is  familiar  to  all  in  aqueous 
sohition  as  spirits  of  salt,  and  which  has  many  points  of  resemblance  with 
HF,  HBr,  HI.  In  these  cases  division  into  two  parts  can  only  be  made  in 
one  way,  and  therefore  the  principle  of  substitution  renders  it  probable  that 
exchanges  between  the  chlorine  and  the  hydrogen  can  take  place,  if  they  are 
competent  to  unite  with  each  other.  There  was  a  time  when  no  chemist 
would  even  admit  the  idea  of  any  such  action  ;  it  was  then  thought  that  the 
power  of  combination  indicated  a  polar  difference  of  the  molecules  in  com- 
bination, and  this  thought  set  aside  all  idea  of  the  substitution  of  one  com- 
ponent element  by  another. 

Thanks  to  the  observations  and  experiments  of  Dumas  and  Laurent  fifty 
years  ago,  such  fallacies  were  dispelled,  and  in  this  manner  the  principle 
of  substitution  was  exhibited.  Chlorine  and  bromine  acting  on  many 
hydrogen  compounds,  occupy  immediately  the  place  of  their  hydrogen,  and 
the  displaced  hydrogen,  with  another  atom  of  chlorine  or  bromine,  forms 
hydrochloric  acid  or  bromide  of  hydrogen.  This  takes  place  in  all  typical 
hydrogen  compounds.  Thus  chlorine  acts  on  this  principle  on  gaseous 
hydrogen — reaction,  under  the  influence  of  Hglit,  resulting  in  the  formation 
of  hydrochloric  acid.  Chlorine  acting  on  the  alkalis,  constituted  similarly  to 
water,  and  even  on  water  itself — only,  however,  under  the  influence  of  light 
and  only  partially  because  of  the  instability  of  HCIO — forms  by  this  principle 
bleachirg  salts,  which  are  the  same  as  the  alkalis,  but  with  their  hydrogen 
replaced  by  chlorine.     In  ammonia  and  in  methane,  chlorine  can  also  replace 
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the  hydrogen.  From  ammonia  is  formed  in  this  manner  the  so-called 
chloride  of  nitrogen,  XC1.„  which  decomposes  very  readily  with  violent  explo- 
sion on  account  of  the  evolved  gases,  and  falls  asunder  as  chlorine  and 
nitrogen.  Out  of  marsh  gas,  or  methane,  CHj,  may  be  obtained  consecu- 
tively, by  this  method,  e^'ery  possible  substitution,  of  which  chloroform, 
CHCl,,  is  the  best  known,  and  carbon  tetrachloride,  CCl,,  the  most  instruc- 
tive. But  by  virtue  of  tlie  fact  that  chlorine  and  bromine  act,  in  the  manner 
shown,  on  the  simplest  typical  hydrogen  compounds,  their  action  on  the 
more  complicated  ones  may  be  assumed  to  be  the  same.  This  can  be  easily 
demonstrated.  The  hydrogen  of  benzene,  C,jH,.,,  reacts  feebly  under  the  influ- 
ence of  light  on  liquid  bromine,  but  Gustavson  has  shown  that  the  addition 
of  the  smallest  quantity  of  metallic  aluminium  causes  energetic  action  and 
the  evolution  of  large  volumes  of  hj'drogen  bromide. 

If  we  pass  on  to  the  second  typical  hydrogen  eoinpouud — that  is  to  saj', 
water — its  molecule,  HOH,  may  be  split  up  in  two  ways  :  either  into  an  atom 
of  hydrogen  and  a  semi-molecule  of  hydrogen  peroxide,  HO,  or  into  oxygen, 
0,  and  two  atoms  of  hydrogen,  H ;  and  therefore,  according  to  the  principle 
of  substitution,  it  is  evident  that  one  atom  of  hjxlrogen  can  exchange 
«ith  hydrogen  oxide,  HO,  and  t^^'o  atoms  of  hydrogen,  H,  with  one  atom  of 
oxygen,  0. 

Both  these  forms  of  substitution  ^\ill  constitute  methods  of  oxidation — 
that  is  to  say,  of  the  entrance  of  oxygen  into  the  compound— a  reaction 
which  is  so  common  in  nature  as  well  as  in  the  arts,  taking  place  at  the 
expense  of  the  oxygen  of  the  air  or  by  the  aid  of  various  oxidising  sub- 
stances or  bodies  which  part  easily  ^^-ith  their  oxygen.  Tliere  is  no  occasion 
to  reckon  up  the  unlimited  number  of  cases  of  such  oxidising  reactions.  It 
is  sufficient  to  state  that  in  the  first  of  these  oxygen  is  directly  transferred, 
and  the  position,  the  chemical  function,  which  hydrogen  originally  occupied, 
is,  after  the  substitution,  occupied  by  the  hydroxyl.  Thus  ammonia,  NH.,, 
yields  hydroxylamine,  NH„(OH),  a  substance  which  retains  many  of  the 
properties  of  ammonia. 

Methane  and  a,  number  of  other  hydrocarbons  yield,  by  substitution  of 
the  hydrogen  by  its  oxide,  methyl  alcohol,  CH3(0H),  and  other  alcohols.  The 
substitution  of  one  atom  of  oxygen  for  two  atoms  of  hydrogen  is  equally 
common  with  hydrogen  compoitnds.  By  this  means  alcoholic  liquids  con- 
taining ethj-1  alcohol,  or  spirits  of  wine,  G  H.^OH),  are  oxidised  until  they 
become  vinegar,  or  acetic  acid,  C,H,0(0H).  In  the  same  way  caustic 
ammonia,  or  the  combination  of  ammonia  with  water,  NH  ,,H,,0,  or  NHj(OH), 
which  contains  a  great  deal  of  hydrogen,  by  oxidation  exchanges  four  atoms 
of  hydrogen  for  two  atoms  of  oxygen,  and  becomes  converted  into  nitric  acid, 
NO.,(OH).  This  process  of  conversion  of  ammonium  salts  into  saltpetre  goes 
on  in  the  fields  every  summer,  and  with  especial  rapidity  in  tropical  countries. 
The  method  by  which  this  is  accompHshed,  though  complex,  though  involving 
the  agency  of  all-permeating  micro-organisms,  is,  in  substance,  the  same  as 
that  by  which  alcohol  is  converted  into  acetic  acid,  or  glycol,  C,Hj(OH),,.  into 
oxalic  acid,  if  we  view  the  process  of  oxidation  in  the  hght  of  the  Newtonian 
principles. 

But  while  speaking  of  the  application  of  the  principle  of  substitution  to 
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water,  we  need  not  multiply  instances,  but  must  turn  our  attention  to  t\\  o 
special  circumstances  which  are  closely  connected  ^^•ith  the  very  mechanism 
of  substitutions. 

In  the  first  place,  the  replacement  of  two  atoms  of  hydrogen  by  one  atom 
of  oxj'gen  may  take  place  in  two  \\  aj  s,  because  the  hydrogen  molecule  is 
composed  of  two  atoms,  and  therefore,  under  the  influence  of  oxygen,  the 
molecule  forming  water  maj-  separate  before  the  oxygen  has  time  to  take  its 
place.  It  is  for  this  reason  that  v,e  find,  during  the  conversion  of  alcohol 
into  acetic  acid,  that  there  is  an  mterval  during  which  is  formed  aldehydei 
C  HjO,  which,  as  its  very  name  implies,  is  '  alcohol  dehydrogenatum,'  or 
alcohol  deprived  of  hydrogen.  Hence  aldehyde  combined  with  hydrogen 
yields  alcohol ;  and  united  to  oxygen,  acetic  acid. 

For  the  same  reason  there  should  be,  and  there  actually  are,  intermediate 
products  between  ammonia  and  nitric  acid,  NO.,(HO),  containing  either  less 
hydrogen  than  ammonia,  less  oxygen  than  nitric  acid,  or  less  water  than 
caustic  ammonia.  Accordingly  we  find,  among  the  products  of  the  deoxida- 
tion  of  nitric  acid  and  the  oxidation  of  ammonia,  not  only  hydroxylamine, 
but  also  nitrovis  oxide,  nitrous  and  n-'trio  anhydrides.  Thus,  the  production 
of  nitrous  acid  results  from  the  remowil  of  two  atoms  of  hydrogen  from 
caustic  ammonia  and  the  substitution  of  the  oxygen  for  the  hydrogen, 
XO(OH)  ;  or  by  the  substitution,  in  ammonia,  of  three  atoms  of  hydrogen  by 
hydroxyl,  N(OH).„and  by  the  removal  of  water  :  X(OH), -H,0  =  NO(OH). 
The  peculiarities  and  properties  of  nitrous  acid — as,  for  instance,  its  action  on 
ammonia  and  its  conversion,  by  oxidatitjn,  into  nitric  acid — are  thus  clearly 
revealed. 

On  the  other  hand,  in  speaking  of  the  principle  of  substitution  as  applied 
to  water,  it  is  necessary  to  observe  that  hydrogen  and  hydroxyl,  H  and  OH, 
are  not  only  competent  to  unite,  but  also  to  form  combinations  with  them- 
selves, and  thus  become  H.^  and  H^O,^  ;  and  such  are  hydrogen  and  the 
peroxide  thereof.  In  general,  if  a  molecule  A  B  exists,  then  molecules  A  A 
and  B  B  can  exist  also.  A  direct  reaction  of  this  kind  does  not,  however, 
take  place  in  water,  therefore  undoubtedly,  at  the  moment  of  formation, 
hydrogen  reacts  on  hydrogen  peroxide,  as  we  can  show  at  once  by 
experiment ;  and  further  because  hydrogen  peroxide,  H.,0.„  exhibits  a 
structure  containing  a  molecule  of  hydrogen,  H„  and  one  of  oxygen,  0.„ 
either  of  which  is  capable  of  separate  existence.  The  fact,  however,  may 
now  be  taken  as  thoroughly  established,  that,  at  the  moment  of  combustion 
of  hydrogen  or  of  the  hydrogen  compounds,  hydrogen  peroxide  is  always 
formed,  and  not  only  so,  but  in  all  probability  its  formation  invariably  pre- 
cedes the  formation  of  water.  .  This  was  to  be  expected  as  a  consequence  of 
-the  law  of  Avogadro  and  Gerhardt,  which  leads  us  to  expect  this  sequence 
-in  the  case  of  equal  interactions  of  volumes  of  vapours  and  gases ;  and  in 
hydrogen  peroxide  we  actually  have  such  eqaal  volumes  of  the  elementary 
gases. 

The  instability  of  hydrogen  peroxide — that  is  to  say,  the  ease  with 
-which  it  decomposes  into  water  and  oxygen,  even  at  the  mere  contact  of 
porous  substances — accounts  for  the  circumstance  that  it  does  not  form  a  per- 
:manent  product  of  combustion,  and  is  not  produced  during  the  decomposition 
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of  water.  I  may  mention  this  additional  consideration  that,  with  respect 
to  hydrogen  peroxide,  we  may  look  for  its  effecting  still  further  substitu- 
tions of  hydrogen  by  means  of  which  we  may  expect  to  obtain  still  more 
highly  oxidised  water  compounds,  such  as  H^O  ,  and  H,,0_,.  These  Schonbein 
and  Bunsen  have  long  been  seeking,  and  Berthelot  is  investigating  them 
at  present.  It  is  probable,  however,  that  the  reaction  will  stop  at  the 
last  compound,  because  we  find  that,  in  a  number  of  cases,  the  addition  of 
four  atoms  of  oxygen  seems  to  form  a  limit.  Thus,  OsO,,  KClOj,  KMnOj, 
K,SO.„  Na^POj,  and  such  like,  represent  the  highest  grades  of  oxidation.' 

As  for  the  last  forty  j'ears,  from  the  times  of  Berzelius,  Dumas,  Liebig, 
Oerhardt,  Williamson,  Frankland,  Kolbe,  Kekule,  and  Butleroff,  most  theo- 
retical generalisations  have  centred  round  organic  or  carbon  compounds, 
we  will,  for  the  sake  of  brevit\',  leave  out  the  discussion  of  ammonia  deriva- 
tives, notwithstanding  their  simplicity  with  respect  to  the  doctrine  of  substi- 
tutions ;  we  will  dwell  more  especiallj-  on  its  application  to  carljon  compounds, 
starting  from  methane,  C'Hp  as  the  simplest  of  the  hydrocarbons,  containing 
in  its  molecule  one  atom  of  carbon.  According  to  the  principles  enumerated 
we  may  derive  from  CHj  every  combination  of  the  form  CH.X,  CH,X^, 
CHX  „  and  CX ,,  in  which  X  is  an  element,  or  radicle,  equivalent  to  hydrogen — 
that  is  to  say,  competent  to  take  its  place  or  to  combine  with  it.  Such  are 
the  chlorine  substitutes  already  mentioned,  such  is  wood-spirit,  CH.(OH),  in 
which  Xis  represented  by  the  residue  of  water,  and  such  are  numerous  other 
carbon  derivatives.  If  «e  continue,  with  the  aid  of  hydroxyl,  further  substi- 
tutions of  the  hydrogen  of  methane  we  shall  obtain  successively  CH,( OH).,, 
CH(0H)3,  and  C(OH)_j.  But  if,  in  proceeding  thus,  we  bear  in  mind  that 
CH.,(OH).,  contains  two  hydroxyls  in  the  same  form  as  hydrogen  peroxide, 
H„0.,  or  (0H)„,  contains  them — and  moreover  not  only  in  one  molecule,  but 
together,  attached  to  one  and  the  same  atom  of  carbon — so  here  we  must 
look  for  the  same  decomposition  as  that  which  we  find  in  hydrogen  peroxide, 
and  accompanied  also  by  the  formation  of  water  as  an  independently 
existing  molecule  ;  therefore  CH^OH),  should  yield,  as  it  actually  does,  im- 
mediately water  and  the  oxide  of  methylene,  CH.,0,  which  is  methane  with 

1  Because  more  than  four  atoms  of  hydrogen  never  unite  with  one  atom  of  the  ele- 
ments, and  because  the  hydrogen  compounds  {e.g.  HCl,  HjS,  H^P,  HjSi)  always  form 
their  highest  oxides  with  four  atoms  of  oxygen,  and  as  the  highest  forms  of  oxides  (OsO.,, 
EiiOj)  also  contain  four  of  oxygen,  and  eight  groups  of  the  periodic  system,  corresponding 
to  the  highest  basic  oxides  E^O,  EO,  E.,05,  EO.,,  EjOj,  EO3,  E^Oj,  and  EO,,,  imply  the 
above  relationship,  and  because  of  the  nearest  analogues  among  the  elements — such  as 
Mg,  Zn,  Cd,  and  Hg ;  or  Cr,  Mo,  W,  and  U ;  or  Si,  Ge,  Sn,  and  Pt ;  or  F,  L'l,  Br,  and  I, 
and  so  forth — not  more  than  four  are  known,  it  seems  to  me  that  in  these  relationships 
there  lies  a  deep  interest  and  meaning  with  regard  to  chemical  mechanics.  But  because, 
to  my  imagination,  the  idea  of  unity  of  design  in  Nature,  either  acting  in  complex 
celestial  systems  or  among  chemical  molecules,  is  very  attractive,  especially  because  the 
atomic  teaching  at  once  aocjuires  its  true  meaning,  I  will  recall  the  following  facts  re- 
lating to  the  solar  system.  There  are  eight  major  plarets,  of  which  the  tour  inner  ones 
are  not  only  separated  from  the  four  outer  by  asteroids,  but  differ  from  them  in  many 
respects,  as,  for  example,  in  the»smallness  of  their  diameters  and  their  greater  density. 
Saturn  with  his  ring  has  eight  satellites,  Jupiter  and  Uranus  have  each  four.  It  is  evi-  f 
dent  that  in  the  solar  systems  also  we  meet  with  these  higher  numbers  four  and  eight 
which  appear  in  the  combination  of  chemical  molecules. 
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oxygen  substituted  for  two  atoms  of  hydrogen.  Exactly  in  the  same  manner 
out  of  CH(OH).,  are  formed  water  and  formic  acid,  CHO^OH),  and  out  of 
C^OH)J  is  produced  water  and  carbonic  acid,  or  directly  carbonic  anhydride, 
CO.,,  ^vhich  will  therefore  be  nothing  else  than  methane  with  the  double  re- 
placement of  pairs  of  hydrogen  by  oxygen.  As  nothing  leads  to  the  supposi- 
tion that  the  four  atoms  of  hydrogen  in  methane  differ  one  from  the  other, 
so  it  does  not  matter  by  \\'liat  means  we  obtain  any  one  of  the  combinations 
indicated — they  will  be  identical;  that  is  to  say,  there  will  be  no  case  of 
actual  isomerism,  although  there  may  easily  be  such  cases  of  isomerism  as 
ha-\  e  been  distinguished  by  the  term  metamerism. 

Formic  acid,  for  example,  has  two  atoms  of  hydrogen,  one  attached  to  the 
carbon  left  fi-om  the  methane,  and  the  other  attached  to  the  oxygen  which 
has  entered  in  the  form  of  hydroxy],  and  if  one  of  them  be  replaced  by  some 
substance  X  it  is  evident  that  we  shall  obtain  substances  of  the  same  composi- 
tion, but  of  different  construction,  or  of  different  orders  of  movement  among 
the  molecules,  and  therefore  endowed  with  other  properties  and  reactions.  If 
X  be  methyl,  CH, — that  is  to  say,  a  group  capable  of  replacing  hj'drogen 
because  it  is  actually  contained  with  hydrogen  in  methane  itself — then  by 
substituting  this  group  for  the  original  liydrogen  we  obtain  acetic  acid, 
CC'H,0(OH),  out  of  formic,  and  by  substitution  of  the  hydrogen  in  its  oxide  or 
hydroxyl  we  obtain  methyl  formate,  CHt)il)CH,).  These  substances  differ  so 
much  from  each  other  physically  and  chemically-  that  at  first  sight  it  is  hardly 
possible  to  admit  that  they  contain  the  same  atoms  in  identically  the  same 
proportions.  Acetic  acid,  for  example,  boils  at  a  higher  temperature  than 
watir,  and  has  a  higher  speciiic  gravity  than  it,  whilst  its  metameride, 
methyl  formate,  is  lighter  tlian  water,  and  boils  at  30° — that  is  to  say,  it 
evaporates  very  easily. 

Let  us  now  turn  to  carbon  compounds  containing  two  atoms  of  carbon  to 
the  molecule,  as  in  acetic  acid,  and  proceed  to  evolve  them  from  methane  by 
the  principle  of  substitution.  This  principle  declares  at  once  that  methane 
can  only  be  split  up  in  the  four  follo'n'ing  \iays : — 

1.  Into  a  group  CH,  eiiuivalent  with  H.  Let  us  call  changes  of  this 
natui'e  metlijdation. 

•2.  Into  a  group  CH.,  and  H.^.  We  will  call  this  order  of  substitutions 
iiiethylenation. 

3.  Into  CH  and  H,,  which  commutations  we  will  call  aoetylenation. 

4.  Into  C  and  H,,  which  may  be  called  carbonation. 

It  is  e\"ident  that  hydrocarbon  compounds  containing  two  atoms  of  carbon 
can  only  proceed  from  methane,  CH,,  which  contains  four  atoms  of  hydrogen 
by  the  first  three  methods  of  substitution  ;  carbonation  would  yield  free  carbon 
if  it  could  take  place  directly,  and  if  the  molecule  of  free  carbon — which  is  in 
reality  very  complex,  that  is  to  say  strongly  polyatomic,  as  I  have  long  since 
been  proving  by  ^-arious  means — could  contain  only  C,  like  the  molecules 
0,,  H„  X,,  and  so  on. 

By  metliylation   we  should  evidently   ubtain  from   marsh  gas,  ethane, 

ch,ck,-c!h,. 

T>\  methylenation — that  is,  by  substituting  group  CH,,  for  H„ — methane 
forms  ethylene,  CH.,CH,  =  C,,H,. 
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By  aeetvlenation — that  is,  by  substituting  three  atoms  of  h^■drogen,  H^,  in 
methane— by  the  remnant  CH,  we  get  acetylene,  CHCH  =  C.,H„. 

If  we  have  applied  the  principles  of  Newton  correctly,  there  should  not  be 
any  other  hydrocarbons  containing  two  atoms  of  carbon  in  the  molecule. 
All  these  combinations  have  long  been  known,  and  in  each  of  them  we  can 
not  only  produce  those  substitutions  of  which  an  example  has  been  given  in 
the  case  of  methane,  but  also  all  the  phases  of  other  substitutions,  as  we  shall 
find  from  a  few  more  instances,  by  the  aid  of  which  I  trust  that  I  shall  be 
able  to  show  the  great  complexity  of  tlrose  derivatives  which,  on  the  principle 
of  substitution,  can  be  obtained  from  each  hydrocarbon.  Let  us  content  our- 
selves with  the  case  of  ethane,  CH,,CH.„  and  the  substitution  of  the  lij-drogen 
by  hydroxyl.     The  folloA\ing  are  the  possible  changes  :  — 

1.  CH'.,CH.,(()H)  :  this  is  nothing  more  than  spirit  of  wine,  or  ethyl 
alcohol,  aH,(bH)  or  C,H„0. 

2.  CH,(OH)GH,(OH)  :  this  is  the  glycol  of  Wiirtz,  which  has  shed  so 
much  light  on  the  history  of  alcohol.  Its  isomeride  may  be  CH,,CH(OH),, 
but  as  we  have  seen  in  the  case  of  CH(OH).,,  it  decomposes,  giving  off  water, 
and  forming  aldehj'de,  CH^CHO,  a  substance  capable  of  yielding  alcohol  by 
uniting  with  hydrogen,  and  of  yielding  acetic  acid  by  uniting  ^vhh.  osj'gen. 

If  glycol,  CH„(OH)CH.,(OH),  loses  its  water,  it  may  be  seen  at  once  that 

it  will  not  now  yield  aldehyde,  CH.,CHO,  but  its  isomeride,        -U,   '"''  the 

oxide  of  ethylene.  I  have  here  indicated  in  a,  special  manner  the  oxygen 
which  has  taken  the  place  of  two  atoms  of  the  hydrogen  of  ethane  taken 
from  different  atoms  of  the  carbon. 

3.  CH.|C(OH).,  decomposed  as  CH(OH)..,  forming  water  and  acetic  acid, 
CH.,CO(OH).  It  is  evident  that  this  acid  is  nothing  else  than  formic  acid, 
CHO(OH),  witli  its  liydrogen  replaced  by  methyl.  AMthout  examining 
further  the  ^ast  number  of  possible  derivatives,  I  will  direct  your  attention 
to  the  circumstance  that  in  dissolving  acetic  acid  in  water  we  obtain  the 
maximum  contraction  and  the  greatest  viscosity  when  to  the  molecule 
GH.,CO(OH)  is  added  a  molecule  of  water,  which  is  the  proportion  which 
would  form  the  hydrate  CH,C{OH)j.  It  is  jjrobable  that  the  doubling  of 
the  molecule  of  acetic  acid  at  temperatures  approaching  its  boiling-point 
has  some  connection  with  tlais  power  of  uniting  with  one  molecule  of 
water. 

4.  CH,(0H)C(0H)3  is  evidently  an  alcoholic  acid,  and  indeed  this  com- 
pound, after  losing  water,  answers  to  glycolic  acid,  CH_,(OH)CO(OH). 
Without  investigating  all  the  possible  isomerides,  we  will  note  only  that  the 
hydrate  CH(OH),CH(OH),  has  the  same  composition  as  CH,(OH)C(OH),, 
and  although  corresponding  to  glycol,  and  being  a  symmetrical  substance,  it 
becomes,  on  parting  with  its  water,  the  aldehyde  of  oxalic  acid,  or  the  glyoxal 
of  Debus,  CHOCHO. 

5.  CH(OH).,('(OH.,),  from  the  tendency  of  all  the  preceding,  corresponds 
with  glyoxylic  acid,  an  aldehyde  acid,  CH(Jf'()(OH),  because  the  group 
CO(OH),  or  carboxyl,  enters  into  the  compositions  of  organic  acids,  and  the 
group  CHO  defines  the  aldehyde  function. 

C.  C(OH).,C(OH).j  through  the  loss  of  2H^0  yields  the  bibasic  oxalic  acid 
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CO(OH)CO(OH'),  which  generally  crystallises  with  2H,0,  following  thus  the 
normal  type  of  hydration  characteristic  of  ethane.- 

Thns,  by  applying  the  principle  of  substitution,  we  can,  in  the  simplest 
manner,  derive  not  only  every  kind  of  hydrocarbon  compound,  such  as  the 
alcohols,  the  aldehyde-alcohols,  aldehydes,  alcohol-acids,  and  the  acids,  but 
also  combinations  analogous  to  hydrated  crystals  which  usually  are  dis- 
regarded. 

But  even  those  unsaturated  substances,  of  which  ethylene,  CH  ,CH.^,  and 
acetylene,  CHCH,  are  types,  may  be  evolved  with  equal  simplicity.  With 
respect  to  the  phenomena  of  isomerism,  there  are  many  possibilities  among 
the  hydrocarbon  compounds  containing  two  atoms  of  carbon,  and  without 
going  into  details  it  will  be  sufficient  to  indicate  that  the  following  formulae, 
though  not  identical,  will  be  isomeric  substantially  among  themselves : — 
CH.,CHX5,  and  CH,,XCH,X,  although  both  contain  C,H.,X,, ;  or  CH,CX,  and 
CHXCHX,  although  both  contain  C,^H.,X^,  if  by  X-we  indicate  chlorine  or 
generally  an  element  capable  of  replacing  one  atom  of  hydrogen,  or  capable 
of  uniting  with  it.  To  isomerism  of  this  kind  belongs  the  case  of  aldehyde 
and  the  oxide  of  ethylene,  to  which  we  have  already  referred,  because  both 
have  the  composition  C.HjO. 

What  I  ha\-e  said  appears  to  me  sufficient  to  show  that  the  principle  of 
substitution  adequately  explains  the  composition,  the  isomerism,  and  all  the 
diversity  of  combination  of  the  hydrocarbons,  and  I  shall  limit  the  further 
development  of  these  views  to  preparing  a  complete  list  of  every  possible 
hydrocarbon  compound  containing  three  atoms  of  carbon  in  the  molecule. 
There  are  eight  in  all,  of  which  only  five  are  known  at  present.'^ 

Among  those  possible  for  C,Hg  there  should  be  two  isomerides,  propylene 
and  trimethyleue,  and  they  are  both  already  known.  For  C,jHj  there  should 
be  three  isomerides :  allylene  and  allene  are  known,  but  the  third  has  not 
yet  been  discovered ;  and  for  C.5H.-,  there  should  be  two  isomerides,  though 
neither  of  them  is  known  as  yet.     Their  composition  and  structure  are  easily 

2  Ojie  more  isomeride,  CH2CH{0H),  is  possible — that  is,  secondary  vinyl  alcohol, 
which  is  related  to  ethylene,  CHoCHo,  but  derived  by  the  principle  of  substitution  from 
CH4.  Other  isomerides,  of  the  composition  C  .H4O,  such,  for  example,  as  CCHg(OH), 
are  impossible,  because  it  would  correspond  with  the  hydrocarbon  CHCH5  =  C2H4,  which 
is  isomeric  with  ethylene,  and  it  cannot  be  derived  from  methane.  If  such  an  isomeride 
existed  it  would  be  derived  from  CHo,  but  such  products  are,  up  to  the  present,  unknown. 
In  such  cases  the  insufficiency  of  the  points  of  departure  of  the  statical  structural  teach- 
ing is  shown.  It  first  admits  constant  atomicity  and  then  rejects  it,  the  facts  serving  to 
establish  either  one  or  the  other  view ;  and  therefore  it  seems  to  me  that  we  must  come 
to  the  conclusion  that  the  structural  method  of  reasoning,  havincr  done  a  service  to 
science,  has  outlived  the  age,  and  must  be  regenerated,  as  in  their  time  was  the  teaching 
of  the  electro-chemists,  the  radicalists,  and  the  adherents  of  the  doctrine  of  types.  As 
we  cannot  now  lean  on  the  views  above  stated,  it  is  time  to  abandon  the  structural 
theory  They  will  all  be  united  in  chemical  mechanics,  and  the  principle  of  substitution 
must  be  looked  on  only  as  a  preparation  for  the  coming  epoch  in  chemistry,  where 
such  cases  as  the  isomerism  of  fumaric  and  maleic  acids,  when  explained  dynamically,  as 
proposed  by  Le  Bel  and  Yan't  Hoff,  may  yield  points  of  departure. 

^  Conceding  variable  atomicity,  the  structuralists  must  expect  an  incomparably  larger 
number  of  isomerides,  and  they  cannot  now  decline  to  acknowledge  the  change  of 
atomicity,  were  it  only  for  the  examples  HgCl  and  HgCl^,  CO  and  CO.,,  PCI3  and  PCI.5. 
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deduced  from  ethane,  ethylene,  and  acetylene,  by  methylation,  by  methylena- 
tion,  by  acetylenation  and  by  carbouation. 

1.  C.,H.,  =  CH.,CH,CH3  out  of  CHjCH,  by  methylation.  This  hydro- 
■carbon  is  named  propane. 

2.  C,H,;  =  CHjCHCH,  out  of  CH,,CH.,  by  methylenation.  This  sub- 
stance is  propylene. 

3.  C,H„  =  CH,CH,,CH,  out  of  CH.CH,  by  methylenation.  This  sub- 
stance is  trimethylene. 

4.  C.,Hi  =  CH.)CCH  out  of  CH^CH,,  by  acetylenation  or  from  CHCH  by 
methylation.     This  h3'drocarbon  is  named  allylene. 

.5.  C,H,    =    *^^H^    outofCH3CH.jby  acetylenation,  or  from  CH,CH,  by 
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methylenation,  because       ,  rW      =     p-rr     .     This  body  is  as  yet  unknown. 

6.  GJl^  =  CHX'CH,  out  of  CH,CH,  by  methylenation.  This  hydro- 
•carbon  is  named  allene,  or  iso-allylene. 
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7.  C,H.,  =  „  out  of  CH3CH3  by  symmetrical  carbonation,  or  out 
of  CH,CH.,  by  acetylenation.     This  oompomid  is  unknown. 

8.  C,H,    =   9g    out  of  OH3CH.,   by  carbonation,  or  out  of  CHCH  by 

methylenation.     This  compound  is  unknown. 

If  we  bear  in  mind  that  for  each  hydrocarbon  serving  as  a  type  in  the 
above  tables  there  are  a  number  of  corresponding  derivatives,  and  that  every 
compound  obtained  may,  by  further  methylation,  methylenation,  acetylena- 
tion, and  carbonation,  produce  new  hydrocarbons,  and  these  may  be  followed 
by  a  numei'ous  suite  of  derivatives  and  an  immense  number  of  isomeric 
substances,  it  is  possible  to  understand  the  limitless  number  of  carbon  com- 
pounds, although  they  all  have  the  one  substance,  methane,  for  their  origin. 
The  number  of  substances  is  so  enormous  that  it  is  no  longer  a  question  of 
enlarging  the  possibilities  of  discovery,  but  rather  of  finding  some  means  of 
testing  them  analogous  to  the  well-known  two  which  for  a  long  time  have 
served  as  gauges  for  all  carbon  compounds. 

I  refer  to  the  law  of  even  numbers  and  to  that  of  limits,  the  first  enunciated 
by  Gerhardt  some  forty  years  ago,  with  respect  to  hydrocarbons,  namely, 
that  their  molecules  always  contain  an  even  number  of  atoms  of  hydrogen. 
But  by  the  method  which  I  have  used  of  deriving  all  the  hydrocarbons  from 
methane,  CH„  this  law  may  be  deduced  as  a,  direct  consequence  of  the 
principle  of  substitutions.  Accordingly,  in  methylation,  CH3  takes  the  place 
of  H,  and  therefore  CH ,  is  added.  In  methylenation  the  number  of  atoms  of 
hydrogen  remains  unchanged,  and  at  each  acetylenation  it  is  reduced  by  two, 
and  in  carbonation  by  four,  atoms— that  is  to  say,  an  even  number  of  atoms 
of  hydrogen  is  always  added  or  removed.  And  because  the  fundamental 
hydrocarbon,  methane,  CHj,  contains  an  even  number  of  atoms  of  hydrogen, 
all  its  derivative  hydrocarbons  wiU  also  contain  even  numbers  of  hydrogen, 
and  this  constitutes  the  law  of  even  numbers. 

The  principle  of  substitutions  explains  with  equal  simplicity  the  conception 
of  the  Hmiting  compositions  of  hydrocarbons  C„H.„+,,  which  I  derived,  \n 
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1861,''  in  an  empirical  manner  from  accmnulated  materials  available  ai  that 
time,  and  on  the  basis  of  the  limits  to  combinations  worked  out  by  Dr.  Frank- 
land  for  other  elements. 

Of  all  the  various  substitutions  the  highest  proportion  of  hydrogen  is 
yielded  by  methylation,  because  in  that  operation  alone  does  the  quantity  of 
hydrogen  increase  ;  hence,  taking  methane  as  a  point  of  departure,  if  we 
imagine  methj'lation  effected  {n  —  1)  times  we  obtain  hydrocarbon  compounds 
containing  the  highest  quantities  of  hydrogen.  It  is  evident  that  they  will 
contain  CH,  +  (n  -  1)CH_,,  or  C„H;.. +  .,,  because  methylation  leads  to  the  addi- 
tion of  CH.,  to  the  compound. 

It  will  thus  be  seen  that  by  the  principle  of  substitution — that  is  to  say, 
by  the  third  law  of  Newton — we  are  able  to  deduce,  in  the  simplest  manner, 
net  only  the  individual  composition,  the  isomerism,  and  relations  of  sub- 
stances, but  also  the  general  laws  which  govern  their  most  complex  combina- 
tions without  having  recourse  either  to  statical  constructions,  to  the  definition 
of  atomicities,  to  the  exclusion  of  free  affinities,  or  to  the  recognition  of  those 
single,  double  or  treble  bonds  which  are  so  indispensable  to  structuralists  in  the 
explanation  of  the  composition  and  construction  of  hydrocarbon  compounds. 
And  .^et,  by  the  application  of  the  dynamical  principles  of  Newton,  we  can 
attain  to  that  chief  and  fundamental  object,  the  comprehension  of  isomerism 
in  liydrocarbon  compounds,  and  the  forecasting  of  the  existence  of  combina- 
tions as  yet  miknown,  by  which  the  edifice  raised  by  structural  teaching  is 
strengthened  and  supported.  Besides — and  I  count  this  for  a  circumstance 
of  special  importance — the  process  which  I  advocate  will  make  no  difference 
in  those  special  cases  which  have  been  already  so  well  worked  out,  such  as, 
foi-  example,  the  isomerism  of  the  liydrocarbons  and  alcohols,  even  to  the 
extent  of  not  interfering  with  the  nomenclature  which  has  been  adopted,  and 
the  structural  system  will  retain  all  the  glory  of  having  worked  up,  in  a 
thoroughly  scientific  manner,  the  store  of  information  which  Gerhardt  had 
accumulated  about  the  middle  of  the  fifties,  and  the  still  liigher  glory  of 
establishing  the  rational  synthesis  of  organic  substances.  Nothing  \^  iU  be 
lost  to  the  structural  doctrine  except  its  statical  origin  ;  and  as  soon  as  it 
will  embrace  the  dynamic  principles  of  Newton,  and  suffer  itself  to  be  guided 
by  them,  I  believe  that  we  sliall  attain  for  chemistry  that  unity  of  principle 
whicli  is  now  wanting.  Many  an  adept  will  be  attracted  to  that  brilliant  and 
fascinating  enterprise,  the  penetration  into  the  unseen  world  of  the  kinetic 
relations  of  atoms,  to  the  study  of  which  the  last  twenty-five  years  have  con- 
tributed so  much  labour  and  such  high  inventive  faculties. 

D'Alembert  found  in  mechanics  that  if  inertia  be  taken  to  represent  force, 
dynamic  equations  may  be  applied  to  statical  questions,  A\hich  are  thereby 
rendered  more  simple  and  more  easily  understood. 

The  structural  doctrine  in  chemistry  has  unconsciously  followed  the  same 
course,  and  therefore  its  terms  are  easily  adopted ;  they  may  retain  their 
present  forms  provided  that  a  truly  dynamical — that  is  to  say,  Newtonian — 
meaning  be  ascribed  to  them. 

Before  finishing  my  task  and  demonstrating  the  possibility  of  adapting 

'  '  Bssai  d'une  the'orie  sur  les  limites  des  combinaisons  organiques,'  par  D.  MfiiideMeff, 
all  aout  1861,  Bulletin  de  I'Acadimic  i.  d.  Sc.  cle  St.  Petersboiirg,  t.  v 
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structural  doctrines  to  the  dynamics  of  Newton,  I  consider  it  indispensalile 
to  touch  on  one  question  which  naturally  arises,  and  which  I  have  heard 
discussed  more  than  once.  If  bromine,  the  atom  of  which  is  eighty  times 
heavier  than  that  of  hydrogen,  takes  the  place  of  hydrogen,  it  would  seem 
that  the  whole  system  of  dynamic  equilibrium  must  be  destroyed. 

Without  entering  into  the  minute  analysis  of  this  question,  I  think  it 
will  be  sufficient  to  examine  it  by  the  light  of  two  well-known  phenomena, 
one  of  which  will  be  found  in  the  department  of  chemistry  and  the  other  in 
that  of  celestial  mechanics,  and  both  will  serve  to  demonstrate  the  existence 
of  that  unity  in  the  plan  of  creation  which  is  a  consequence  of  the  Newtonian 
doctrines.  Experiments  demonstrate  that  when  a  heav)-  element  is  substi- 
iuted  for  a  light  one  in  a  chemical  compound — for  example,  for  niagnesium, 
in  the  oxide  of  that  metal,  an  atom  of  mercury,  which  is  8^  times  heavier — 
the  chief  chemical  characteristics  or  properties  are  generally,  though  not 
always,  preserved. 

The  substitution  of  silver  for  hydrogen,  than  which  it  is  108  times  heavier, 
does  not  affect  all  the  properties  of  the  substance,  though  it  does  some. 
Therefore  chemical  substitutions  of  this  kind — the  substitution  of  light  for 
heavy  atoms — need  not  necessarily  entail  changes  in  the  original  equilibrium  ; 
and  this  point  is  still  further  elucidated  by  the  consideration  that  the  periodic 
law  indicates  the  degree  of  influence  of  an  increment  of  weight  in  the  atom 
as  affecting  the  possible  equilibria,  and  also  what  degree  of  increase  in  the 
weight  of  the  atoms  reproduces  some,  though  not  all,  of  the  properties  of  the 
substance. 

This  tendency  to  repetition — these  periods — may  be  likened  to  those 
annual  or  diurnal  periods  with  which  we  are  so  familiar  oia  the  earth.  Days 
and  years  follow  each  other,  but,  as  they  do  so,  many  things  change  ;  and  in 
like  manner  chemical  evolutions,  changes  in  the  masses  of  the  elements, 
permit  of  much  remaining  undisturbed,  though  many  properties  undergo 
alteration.  The  system  is  maintained  according  to  the  laws  of  conservation 
in  nature,  but  the  motions  are  altered  in  consequence  of  the  change  of  parts. 

Next,  let  us  take  an  astronomical  case — such,  for  example,  as  the  earth  and 
the  moon — and  let  us  imagine  that  the  mass  of  the  latter  is  constantly 
increasing.  The  question  is,  what  will  then  occur  '?  The  path  of  the  moon 
in  space  is  a  wave-line  similar  to  that  which  geometricians  have  named  epi- 
cycloidal,  or  the  locus  of  a  point  in  a  circle  rolling  round  another  circle.  But 
in  consequence  of  the  influence  of  the  moon  it  is  evident  that  the  path  of  the 
earth  itself  cannot  be  a  geometric  ellipse,  even  supposing  the  sun  to  be  im- 
movably fixed ;  it  must  be  an  epicycloidal  curve,  though  not  very  far  removed 
from  the  true  ellipse — that  is  to  say,  it  will  be  impressed  with  but  faint  un- 
dulations. It  is  only  the  common  centre  of  gravity  of  the  earth  and  the 
moon  which  describes  a  true  ellipse  round  the  sun.  If  the  moon  were  to 
increase,  the  relative  undulations  of  the  earth's  path  would  increase  in  ampli- 
tude, those  of  the  moon  would  also  change,  and  when  the  mass  of  the  moon 
had  increased  to  an  equ.ality  with  that  of  the  earth,  the  path  would  consist  of 
epicycloidal  curves  crossing  each  other,  and  having  opposite  phases.  But  a 
similar  relation  exists  between  the  sun  and  the  earth,  because  the  former  is 
also  moving  in  space.     We  may  apply  these  views  to  the  world  of  atoms,  and 
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suppose  that  in  their  movements,  when  heavy  ones  take  the  place  of  those 
that  are  lighter,  similar  changes  take  place,  provided  that  the  sjistem  or  the 
molecule  is  preserved  throughout  the  change. 

It  seems  probable  that  in  the  heavenly  systems,  during  incalculable 
astronomical  periods,  changes  have  taken  place  and  are  still  going  on  similar 
to  those  which  pass  rapidly  before  our  eyes  during  the  chemical  reaction  of 
molecules,  and  the  progress  of  molecular  mechanics  may — we  hope  will — in 
course  of  time  permit  us  to  explain  those  changes  in  the  stellar  world  which 
have  more  than  once  been  noticed  by  astronomers,  and  which  are  now  so 
carefully  studied.  A  coming  Newton  will  discover  the  laws  of  these  changes. 
Those  laws,  when  applied  to  chemistry,  may  exhibit  peculiarities,  but  these 
will  certainly  be  mere  variations  on  the  grand  harmonious  theme  which 
reigns  in  nature.  The  discovery  of  the  laws  which  produce  this  harmony  in 
chemical  evolution  will  only  be  possible,  it  seems  to  me,  under  the  banner 
of  Newtonian  dynamics,  which  has  so  long  waved  over  the  domains  of 
mechanics,  astronomy,  and  physics.  In  calling  chemists  to  take  their  stand 
under  its  peaceful  and  catliolic  shadow  I  imagine  that  I  am  aiding  in  estab- 
lishing that  scientific  union  which  the  managers  of  the  Koyal  Institution 
wish  to  efl'eet,  who  have  shown  their  desire  to  do  so  by  the  flattermg  invita- 
tion which  has  given  me— a  Enssian — the  opportunitj-  of  laying  before  the 
countrymen  of  Ne'\\ton  an  attempt  to  apply  to  chemistry  one  of  his  immortal 
principles. 
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THE   PERIODIC    LAW    OF    THE    CHEMICAL    ELEMENTS 

By   PEOFESSOE   MENDBLEEFF 

pabaday  lecture  t'eliveeed  befoee  the  fellows  of 
the  chemical  society  in  the  theatee  of  the  eoyal  institution, 
on  tuesday,  june  4,  1889 

The  high  honour  bestowed  by  the  Chemical  Society  in  inviting  me  to  pay  a 
tribute  to  tlie  world-famed  name  of  Faraday  by  delivering  this  lecture  has 
induced  me  to  take  for  its  subject  the  Periodic  Law  of  the  Elements — this 
being  a  generalisation  in  chemistry  which  has  of  late  attracted  much 
attention. 

While  science  is  pursuing  a  steady  onward  movement,  it  is  convenient 
from  time  to  time  to  cast  a  glance  back  on  the  route  already  traversed,  and 
especially  to  consider  the  new  conceptions  which  aim  at  discovering  the 
general  meaning  of  the  stock  of  facts  accumulated  from  day  to  day  in  our 
laboratories.  Owing  to  the  possession  of  laboratories,  modern  science  now 
bears  a  new  character,  quite  unknown,  not  only  to  antiquity,  but  even  to  the 
preceding  century.  Bacon's  and  Descartes'  idea  of  submitting  the  mechanism 
of  science  simultaneously  to  experiment  and  reasoning  has  been  fuUy  realised 
in  the  case  of  chemistry,  it  having  become  not  only  possible  but  always 
customar}-  to  experiment.  Under  the  all-penetrating  control  of  experiment, 
a  new  theory,  even  if  crude,  is  quickly  strengtliened,  provided  it  be  founded 
on  a  sufficient  basis ;  the  asperities  are  removed,  it  is  amended  by  degrees, 
and  soon  loses  the  phantom  light  of  a  shadowy  form  or  of  one  founded  on 
mere  prejudice;  it  is  able  to  lead  to  logical  conclusions,  and  to  submit  to  ex- 
perimental  proof.  Willingly  or  not,  in  science  we  all  must  submit  not  to  what 
seems  to  us  attractive  from  one  point  of  view  or  from  another,  but  to  what 
represents  an  agreement  between  theory  and  experiment ;  in  other  words,  to 
demonstrated  generalisation  and  to  the  approied  experiment.  Is  it  long 
since  many  refused  to  accept  the  generalisations  involved  in  the  law  of  Avo- 
gadro  and  Ampere,  so  widely  extended  by  Gerhardt  ?  We  still  may  hear  the 
voices  of  its  opponents ;  they  enjoy  perfect  freedom,  but  vainly  will  their 
voices  rise  so  long  as  they  do  not  use  the  language  of  demonstrated  facts 
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The  striking  observations  with  the  spectroscope  whieli  liave  permitted  us  to 
analj'se  the  chemical  constitution  of  distant  worlds,  seemed,  at  first,  appli- 
cable to  the  task  of  determining  the  nature  of  the  atoms  themselves  ;  but  the 
working  out  of  tlie  idea  in  tlie  laboratory'  soon  demonstrated  that  the  cliarac- 
ters  of  spectra  are  determined,  not  directly  by  the  atoms,  but  by  tlie  mole- 
cules mto  which  the  atoms  are  packed  ;  and  so  it  became  evident  that  more 
verified  facts  must  be  collected  before  it  will  be  possible  to  formulate  new 
generalisations  capable  of  taking' their  place  beside  those  ordinary  ones  based 
upon  the  conception  of  simple  substances  and  atoms.  But  as  the  shade  of  the 
leaves  and  roots  of  lining  plants,  together  with  the  relics  of  a  decayed  vege- 
tation, favour  the  growth  of  the  seedling  and  serve  to  promote  its  luxurious 
development,  in  like  manner  sound  generalisations — together  with  the  relics 
of  those  which  have  proved  to  be  untenable — promote  scientific  productivity, 
and  ensure  the  luxurious  growth  of  science  under  the  influence  of  rays  ema- 
nating from  the  centres  of  scientific  energy.  Such  centres  are  scientific 
associations  and  societies.  Before  one  of  the  oldest  and  most  powerful  of 
these  I  am  about  to  take  the  liberty  of  passing  in  review  the  twenty  years'  life 
of  a  generalisation  which  is  known  under  the  name  of  tlie  Periodic  Law.  It 
was  in  IVlarch  1869  that  I  ventured  to  lay  before  the  then  youthful  Eussian 
Chemical  Society  the  ideas  upon  the  same  subject  which  I  had  expressed  in 
my  just  written  '  Principles  of  Chemistry.' 

Without  entering  into  details,  I  will  give  the  conclusions  I  then  arrived 
at  in  the  very  words  I  used  :  — 

'  1.  The  elements,  if  arranged  according  to  their  atomic  weights,  exhibit 
an  e:yi<\eni  periodiciiij  of  properties. 

'  2.  Elements  which  are  similar  as  regards  their  chemical  properties  have 
atomic  weights  which  are  either  of  nearly  the  same  value  (e.g.  platinum, 
iridium,  osmium)  or  which  increase  regularly  (e.g.  potassium,  rubidium, 
CEesium). 

'  3.  The  arrangement  of  the  elements,  or  of  groups  of  elements,  in  the 
order  of  their  atomic  weights,  corresponds  to  their  so-called  valencies  as  well 
as,  to  some  extent,  to  their  distinctive  chemical  properties— as  is  apparent, 
among  other  series,  in  that  of  lithium,  berylhum,  barium,  carbon,  nitrogen, 
oxygen,  and  iron. 

'  4.  The  elements  which  are  the  most  widely  diffused  have  small  atomic 
weights. 

'  5.  The  magnitude  of  the  atomic  weight  determines  the  character  of  the 
element,  just  as  the  magnitude  of  the  molecule  determines  the  character  of 
a  compound. 

'6.  We  must  expect  the  discovery  of  many  yet  unA-noion  elements — for 
example,  elements  analogous  to  aluminium  and  silicon,  whose  atomic  weight 
would  be  between  65  and  75. 

'  7.  The  atomic  weight  of  an  element  may  sometimes  be  amended  by  a 
liuowledge  of  those  of  the  contiguous  elements.  Thus,  the  atomic  weight  of 
tellurium  must  lie  between  123  and  126,  and  cannot  be  128. 

'  8.  Certain  characteristic  properties  of  the  elements  can  be  foretold  from 
their  atomic  weights. 
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'  The  aim  of  this  communication  will  be  fully  attained  if  1  succeed  in 
drawing  the  attention  of  investigators  to  those  relations  which  exist  between 
the  atomic  weights  of  dissimilar  elements,  which,  so  far  as  1  know,  have 
hitherto  been  almost  completely  neglected.  I  believe  that  the  solution  of 
some  of  the  most  important  problems  of  our  science  lies  in  researches  of  this 
kind.' 

To-day,  twenty  j'ears  after  the  above  conclusions  were  formulated,  they 
may  still  be  considered  as  expressing  the  essence  of  the  now  well-known 
periodic  law. 

Reverting  to  the  epoch  terminating  with  the  sixties,  it  is  proper  to  indi-  / 
cate  three  series  of  data  without  the  knowledge  of  which  the  periodic  law 
could  not  have  been  discovered,  and  which  rendered  its  appearance  natural 
and  intelligible. 

In  the  first  place,  it  was  at  that  time  that  the  numerical  value  of  atomic"* 
weights  became  definitely  known.  Ten  years  earlier  such  knowledge  did  not 
exist,  as  may  be  gathered  from  the  fact  that  in  1860  chemists  from  all  parts 
of  the  world  met  at  Karlsruhe  in  order  to  come  to  some  agreement,  if  not 
with  respect  to  views  relating  to  atoms,  at  any  rate  as  regards  their  definite 
representation.  Many  of  those  present  probably  remember  how  vain  were 
the  hopes  of  coming  to  an  understanding,  and  how  much  ground  was  gained 
at  that  Congress  by  the  followers  of  the  unitary  theory  so  brilliantly  repre- 
sented by  Carmizzaro.  I  vividly  remember  the  impression  produced  by  his  ( 
speeches,  which  admitted  of  no  compromise,  and  seemed  to  advocate  truth 
itself,  based  on  the  conceptions  of  Avogadro,  Gerhardt,  and  Eegnault,  which 
at  that  time  were  far  from  being  generally  recognised.  And  though  no 
understanding  could  be  arrived  at,  yet  the  objects  of  the  meeting  were  attained, 
for  the  ideas  of  Cannizzaro  proved,  after  a  few  years,  to  be  the  only  ones 
which  could  stand  criticism,  and  which  represented  an  atom  as — 'the 
smallest  portion  of  an  element  which  enters  into  a  molecule  of  its  compound.' 
Only  such  real  atomic  weights — not  conventional  ones — could  afford  a  basis 
for  generalisation.  It  is  sufdoient,  by  way  of  example,  to  indicate  the 
following  cases  in  which  the  relation  is  seen  at  once  and  is  perfectly  clear : — 

K  =39  Kb  =  85  Cs  =133 

Ca=.40  Sr=87  Ba=137 

whereas  with  the  equivalents  then  in  use — 

K  =39  Rb  =  85  Cs  =133 

Ca  =  20  Sr  =43-5  Ba  =  08-.5 

the  consecutiveness  of  change  in  atomic  weight,  which  with  the  true  values 
is  so  evident,  completely  disappears. 

Secondly,  it  had  become  evident  during  the  period  1860-70,  and  even" 
during  the  preceding  decade,  that  the  relations  between  the  atomic  weights 
of  analogous  elements  were  go\erned  by  some  general  and  simple  laws. 
Cooke,  Cremers,  Gladstone,  Gmelin,  Lenssen,  Pettenkofer,  and  especially 
Dumas,  had  already  established  many  facts  bearing  on  that  view.  Thus 
Dumas  compared  the  following  groups  of  analogous  elements  with  organic 
radicles : — 
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Diff. 

Difl. 

Mg=12)3 

1 

Diff. 

0  =   8| 

1 

Li  =    7, 

16 
Na  =  23 

1-16 

Ca  =20, 

3x8 
Sr   =44' 

l3x8 

As=   75^ 

44 
Sb  =  119' 

l2x 

44 

S  =16 
Se  =  40 

K   =39' 


Ba  =681 


Bi  =  207 ) 


Diff. 


3x8 


3x8 


Te  =  64 ) 


and  pointed  out  some  really  striking  relationships,  such  as  the  following : — 

F    =19. 

CI  =  35-5  =  19  +  16-5 

Br  =80     =  19  +  2  X  16-5  +  28. 

I     =  127  =  2  X  19  +  2  X  16-5  +  2  x  28. 

A.  Streoker,  in  his  work  '  Tlieorien  und  Experiniente  zur  Bestimmung 
der  Atomge^^■ichte  der  Elemente '  (Braunschweig,  1859),  after  summarising 
the  data  relating  to  the  subject,  and  pointing  out  tlie  remarkable  series  of 
equivalents  — 


Cr  =  26-2 


Mn  =  27-6 


Fe  =  28        Ni  = 
Zn  =  32-5 


29 


Co  =  30        Cu  =  81-7 


remarks  that :  It  is  hardly  probable  that  all  the  above-mentioned  relations 
between  the  atomic  weights  (or  equivalents)  of  chemically  analogous  elements 
are  merely  accidental.  "We  must,  however,  leave  to  the  future  the  discovery 
of  the  lata  of  the  relations  which  appears  in  these  figures.' ' 

In  such  attempts  at  arrangement  and  in  such  views  are  to  be  recognised 
the  real  forerunners  of  the  periodic  law :  the  ground  was  prepared  for  it 
between  1860  and  1870,  and  that  it  was  not  expressed  in  a  determinate  form 
before  the  end  of  the  decade  may,  I  suppose,  be  ascribed  to  the  fact  that  only 
analogous  elements  had  been  compared.  The  idea  of  seeking  for  a  relation 
between  the  atomic  weights  of  all  the  elements  was  foreign  to  the  ideas  then 
current,  so  that  neither  the  vis  tellurique  of  De  Chancourtois,  nor  the  law  of 
octaves  of  Newlands,  could  secure  anybody's  attention.  And  yet  both  De 
Chancourtois  and  Newlands  like  Dumas  and  Strecker,  more  than  Lenssen 
and  Pettenkofer,  had  made  an  approach  to  the  periodic  law  and  had  dis- 
covered its  germs.  The  solution  of  the  problem  adxanced  but  slowly,  because 
the  facts,  but  not  the  law,  stood  foremost  in  all  attempts ;  and  the  law  could 
not  awaken  a  general  interest  so  long  as  elements,  having  no  apparent  con- 
nection with  each  other,  were  included  in  the  same  octave,  as  for  example ; — 


1st    octave    of 

Xewlands  .  . 

H 

F 

CI 

Co  &  Ni 

Br 

Pd 

I 

Pt  &  Ir 

7th  Ditto 

0 

S 

Fe 

Se 

Bh&  Bu 

Te 

Au 

Os  or  Th 

Analogies  of  the  above  order  seemed  quite  accidental,  and  the  more  so  as 
the  octave  contained  occasionally  ten  elements  instead  of  eight,  and  when  two 

1  '  Es  ist  wolil  kaum  anziinehmen,  dass  alle  im  Vorhergehenden  hervorgehobenen 
Bezieliungen  zwischen  den  Atomgewichten  (oder  Aequivalenten)  in  cliemisehen  Verhiilt- 
nissen  einander  iihuliclie  Elemente  bloss  zufiillig  sind.  Die  Auffiiidung  der  in  diesen 
Zahlen  gesetzlichen  Beziehungen  miissen  wir  jedoch  der  Znkunft  iiberlasseu.* 
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such  elements  as  Ba  and  V,  Co  and  Ni,  or  Eh  and  Ru,  occupied  one  place  in 
the  octave.-  Nevertheless,  the  fruit  was  ripening,  and  I  now  see  clearly  that 
Strecker,  De  Chaneourtois,  and  Ne^vlands  stood  foremost  in  the  way  towards 
the  discovery  of  the  periodic  law,  and  that  they  merely  wanted  the  boldness 
necessary  to  place  the  whole  question  at  such  a  height  that  its  reflection  on 
the  facts  could  be  clearly  seen. 

A  third  circumstance  which  revealed  the  periodicity  of  chemical  element^ 
was  the  accumulation,  by  the  end  of  the  sixties,  of  new  information  respecting 
the  rare  elements,  disclosing  their  many-sided  relations  to  the  other  elements 
and  to  each  other.  The  researches  of  Marignac  on  niobium,  and  those  of 
Eosooe  on  vanadium,  were  of  special  moment.  The  striking  analogies  between 
vanadium  and  phosphorus  on  the  one  hand,  and  between  vanadium -and 
chromium  on  the  other,  which  became  so  apparent  in  the  investigations  con- 
nected ^\ith  that  element,  naturallj'  induced  the  comparison  of  V  =  51  with 
Cr  =  52,  Nb  =  94  with  Mo  =  96,  and  Ta  =  192  with  W  =  194;  while,  on  the 
other  hand,  P  =  31  could  be  compared  with  S  =  32,  As  =  75  with  Se  =  79,  and 
Sb  =  120  with  Te  =  125.  From  such  approximations  there  remained  but  one 
step  to  the  discoVffy  of  the  law  of  periodicity. 

The  law  of  periodicity  was  thus  a  direct  outcome  of  the  stock  of  generali- 
sations and  established  facts  which  had  accumulated  by  the  end  of  the  decade 
18G0-1870  :  it  is  an  embodiment  of  those  data  in  a  more  or  less  systematic 
expression.  ^^  here,  then,  lies  the  secret  of  the  special  importance  which  has 
since  been  attached  to  the  periodic  law,  and  has  raised  it  to  the  position  of  a 
generalisation  which  has  already  given  to  chemistry  unexpected  aid,  and 
which  promises  to  be  far  more  fruitful  in  the  future  and  to  impress  upon 
several  branches  of  chemical  research  a  peculiar  and  original  stamp  ?  The 
remaining  part  of  my  communication  wiU  be  an  attempt  to  answer  this 
question. 

In  the  first  place  we  have  the  circumstance  that,  as  soon  as  the  law  made 
its  appearance,  it  demanded  a  revision  of  many  facts  which  were  considered 
by  chemists  as  fully  established  by  existing  experience.  I  shall  return,  later 
on,  briefly  to  this  subject,  but  I  wish  now  to  remind  you  that  the  periodic 
law,  by  insisting  on  the  necessity  for  a  revision  of  supposed  facts,  exposed 
itself  at  once  to  destruction  in  its  ^■ery  origin.  Its  first  requirements,  how- 
ever, have  been  almost  entirely  satisfied  during  the  last  20  years ;  the  sup- 
posed facts  have  yielded  to  the  law,  thus  proving  that  the  law  itself  was  a 
legitimate  induction  from  the  verified  facts.  But  our  inductions  from  data 
have  often  to  do  with  such  details  of  a  science  so  rich  in  facts,  that  only 
generalisations  which  cover  a  wide  range  of  important  phenomena  can  attract 
general  attention.  What  were  the  regions  touched  on  by  the  periodic  law  '.> 
This  is  what  we  shall  now  consider. 

The  most  important  point  to  notice  is,  that  periodic  functions,  used  for 
the  purpose  of  expressing  changes  which  are  dependent  on  variations  of  time 
and  space,  have  been  long  known.  They  are  familiar  to  the  mind  when  we 
have  to  deal  with  motion  in  closed  cycles,  or  with  any  kind  of  deviation  from 

^  To  judge  from  J.  A.  R.  Newlands's  work,  Oti  the  Diseoverij  of  the  Periodic  Laio, 
London,  ]884,  p.  149;  'On  the  Law  of  Octaves'  (from  the  Clieiiiical  News,  12,  83, 
August  18,  1865). 
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a  stable  position,  sucli  as  occurs  in  pendulum-oscillations.  A  like  periodic 
function  became  evident  in  the  case  of  the  elements,  depending  on  the  mass 
of  the  atom.  The  primarj-  conception  of  tbe  masses  of  bodies,  or  of  the  masses 
of  atoms,  belongs  to  a  category  which  the  present  state  of  science  forbids  us 
to  discuss,  because  as  yet  we  have  no  means  of  dissecting  or  analysing  the 
conception.  All  that  was  laiown  of  functions  dependent  on  masses  derived 
its  origin  from  Galileo  and  Xewton,  and  indicated  that  such  functions 
either  decrease  or  increase  with  the  increase  of  mass,  like  the  attraction  of 
celestial  bodies.  The  numerical  expression  of  the  phenomena  was  always 
found  to  be  proportional  to  the  mass,  and  in  no  case  was  an  increase  of  mass 
followed  by  a  recurrence  of  properties  such  as  is  disclosed  by  the  periodic  law 
of  tbe  elements.  This  constituted  such  a  novelty  in  the  study  of  the  phenomena 
of  nature  that,  although  it  did  not  lift  the  veil  which  conceals  the  true  concep- 
tion of  mass,  it  nevertheless  indicated  that  the  explanation  of  that  conception 
must  be  searched  for  in  the  masses  of  the  atoms  ;  the  more  so,  as  all  masses 
are  nothing  but  aggregations,  or  additions,  of  chemical  atoms  which  would  be 
best  described  as  chemical  individuals.  Let  me  remark,  by  the  way,  that 
though  the  Latin  word  '  individual '  is  merely  a  translation  of  the  Greek  word 
'  atom,'  nevertheless  history  and  custom  have  drawn  a  sharp  distinction 
between  the  two  words,  and  the  present  chemical  conception  of  atoms  is 
nearer  to  that  defined  by  the  Latin  word  than  by  the  Greek,  although  this 
latter  also  has  acquired  a  special  meaning  which  was  unlinown  to  the  classics. 
The  periodic  law  has  shown  that  our  chemical  individuals  display  a  harmonic 
periodicity  of  properties  dependent  on  their  masses.  Now  natural  science 
has  long  been  accustomed  to  deal  with  periodicities  observed  in  nature,  to 
seize  them  with  the  vice  of  mathematical  analysis,  to  submit  them  to  the 
rasp  of  experiment.  And  these  instruments  of  scientific  thought  would 
surely,  long  since,  have  mistered  the  problem  connected  with  the  chemical 
elements,  were  it  not  for  a  new  feature  which  was  brought  to  light  by  the 
periodic  law,  and  which  gave  a  peculiar  and  original  character  to  the  periodic 
function. 

If  we  mark  on  an  axis  of  absciss^'  a  series  of  lengths  proportional  to 
angles,  and  trace  ordinates  which  are  proportional  to  sines  or  other  trigono- 
metrical functions,  we  get  periodic  curves  of  a  harmonic  character.  So  it 
might  seem,  at  first  sight,  that  with  the  increase  of  atomic  weights  the  func- 
tion of  the  properties  of  the  elements  should  also  vary  in  the  same  harmonious 
way.  But  in  this  case  there  is  no  such  continuous  change  as  in  the  curves 
just  referred  to,  because  the  periods  do  not  contain  the  infinite  number  of 
points  constituting  a  cm've,  but  a  finite  number  only  of  such  points.  An 
example  will  better  illustrate  this  view.     The  atomic  weights — 

Ag  =  108        Cd  =  112        In  =  113         Sn  =  118        Sb  =  120 
Te  =  125  I  =  127 

steadily  increase,  and  their  increase  is  accompanied  by  a  modification  of 
many  properties  which  constitutes  the  essence  of  the  periodic  law.  Thus, 
for  example,  the  densities  of  the  above  elements  decrease  steadily,  being 
respectively — 

10-5  8-C  7-4  7-2  6-7  6-4  4-9 
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while  their  oxides  contain  an  increasing  quantity  of  oxygen — 

Ag,0  Cd,0,  ln,0,  Sn,0,  Sb,0,  Te.O,         1/), 

But  to  connect  by  a  curve  the  summits  of  the  ordinates  expressing  any 
of  tliese  properties  would  involve  the  rejection  of  Dalton's  law  of  multiple 
proportions.  Not  only  are  there  no  intermediate  elements  between  silver, 
which  gives  AgCl,  and  cadmium,  which  gives  CdCl.,,  but,  according  to  the 
\ery  essence  of  the  periodic  law,  there  can  be  none  ;  in  fact  a  uniform  curve 
would  be  inapplicable  in  such  a  case,  as  it  would  lead  us  to  expect  elements 
possessed  of  special  properties,  at  any  point  of  the  curve.  The  periods  of  the 
elements  have  thus  a  character  \ery  different  from  those  which  are  so  simply 
represented  by  geometers.  They  correspond  to  points,  to  numbers,  to  sudden 
changes  of  the  masses,  and  not  to  a  continuous  evolution.  In  these  sudden 
changes  destitute  of  intermediate  steps  or  positions,  in  the  absence  of 
elements  intermediate  between,  say,  silver  and  cadmium,  or  aluminium 
and  silicon,  we  must  recognise  a  problem  to  which  no  direct  application 
of  the  analysis  of  the  infinitely  small  can  be  made.  Therefore,  neither  the 
trigonometrical  functions  proposed  by  Bidberg  and  Flavitzky,  nor  the  pen- 
dulum-oscillations suggested  by  Crookes,  nor  the  cubical  curves  of  the  Ke-\'. 
Mr.  Haughton,  which  have  been  proposed  for  expressing  the  periodic  law, 
from  the  nature  of  the  ease,  can  represent  the  periods  of  the  chemical 
elements.  If  geometrical  analysis  is  to  be  applied  to  this  subject,,  it  will  re- 
quire to  be. modified  in  a  special  manner.  It  must  find  the  means  of  repre- 
senting in  a  special  way,  not  only  such  lon.i,'  periods  as  that  comprisin,g 

K     Ca     Sc     Ti     V     Cr     Mu     Fe    Co    Xi    Cu    Zn    Ga    Ge    As    He    Br, 

but  short  periods  like  the  following  :— 

Ka        Mg        Al        Si        P         S        CI, 

In  the  theory  of  numbers  only  do  we  find  problems  analogous  to  ours, 
and  two  attempts  at  expressing  the  atomic  weights  of  the  elements  by  alge- 
braic formula;  seem  to  be  deserving  of  attention,  although  neither  of  them 
can  be  considered  as  a  complete  theory,  nor  as  promising  finally  to  solve  the 
problem  of  the  periodic  law,  The  attempt  of  E.  J.  Mills  (1886)  does  not 
even  aspire  to  attain  this  end.  He  considers  that  all  atomic  weights  can  be 
expressed  by  a  logarithmic  function, 

15(re- 0-9375'), 

in  which  the  variables  n  and  t  are  whole  numhers.  Thus,  for  oxygen,  n  =  'l, 
and  t  =  1,  whence  its  atomic  weight  is  =  1.5-94  ;  in  the  case  of  chlorine, 
bromine,  and  iodine,  n  has  respective  values  of  ;!,  6,  and  9,  whilst  i  =  7,  6, 
and  9  ;  in  the  case  of  potassium,  rubidium,  and  ca:!sium,  n  =  4,  6,  and  9,  and 
i  =  14,  18,  and  20. 

Another  attempt  was  made  in  1888  by  B.  N.  Tchitcherin.  Its  author 
places  the  problem  of  the  periodic  law  in  the  first  rank,  but  as  yet  he  has 
investigated  the  alkali  metals  only      Tchitcherin  first   noticed   the   simple 
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relations  existing  between  tlie  atomic  ^-olunies  of  all  alliali   metals ;    they 
■can  be  expressed,  according  to  his  views,  by  the  foi'inula 

Ac2-0-00535Ak), 

where  A  is  the  atomic  weight,  and  n  is  equal  to  8  for  lithium  and  sodium,  to 
4  for  potassium,  to  3  for  rubidium,  and  to  2  for  CiEsium.  If  )i  remained  equal 
to  8  during  the  increase  of  A,  the  ■volume  would  become  zero  at  A  =  46§, 
and  it  would  reach  its  maximum  at  A  =  23  j.  The  close  approximation  of 
the  number  46|  to  the  differences  between  the  atomic  weights  of  analogous 
elements  (such  as  Cs  —  Eb,  I  —  Br,  and  so  on)  ;  the  close  correspondence  of 
the  number  23  j  to  the  atomic  weight  of  sodium ;  the  fact  of  n  being  neces- 
sarily a  whole  number,  and  several  other  aspects  of  the  qviestion,  induce 
Tchitch&in  to  believe  that  they  afford  a  clue  to  tlie  understanding  of  the 
nature  of  the  elements  ;  we  must,  however,  await  the  full  development  of 
his  theory  before  pronouncing  judgment  on  it.  What  we  can  at  present  only 
be  certain  of  is  this :  that  attempts  like  the  two  above  named  must  be  re- 
peated and  multiplied,  because  the  periodic  law  has  clearly  shown  that  the 
masses  of  the  atoms  increase  abruptly,  by  steps,  which  are  clearly  connected 
in  some  way  with  Dalton's  law  of  multiple  proportions  ;  and  because  the 
periodicity  of  the  elements  finds  expression  in  the  transition  from  EX  to 
EX,„  EX..,  EX,,  and  so  on  till  EX,,  at  which  point,  the  energy  of  the  com- 
bining forces  being  exhausted,  the  series  begins  anew  from  EX  to  EX„  and 
so  on. 

While  connecting  by  new  bonds  the  theory  of  the  chemical  elements  with 
Dalton's  theory  of  multiple  proportions,  or  atomic  structure  of  bodies,  the 
periodic  law  opened  for  natural  philosophy  a  new  and  wide  field  for  specula- 
tion. Kant  said  that  there  are  in  the  world  '  two  things  which  never  cease 
to  call  for  the  admiration  and  reverence  of  man  :  the  moral  law  within 
ourselves,  and  the  stellar  sky  above  us.'  But  when  we  turn  our  thoughts 
towards  the  nature  of  the  elements  and  the  periodic  law,  we  must  add  a  third 
subject,  namely, '  the  nature  of  the  elementary  individuals  which  we  discover 
everywhere  around  us.'  Without  them  the  stellar  sky  itself  is  inconceiv- 
able ;  and  in  the  atoms  we  see  at  once  their  peculiar  individualities,  the  in- 
finite multiplicity  of  the  individuals,  and  the  submission  of  their  seeming 
freedom  to  the  general  harmony  of  Nature. 

Having  thus  indicated  a  new  mystery  of  Nature,  which  does  not  yet  yield 
to  rational  conception,  the  periodic  law,  together  with  the.  revelations  of 
spectrum  analysis,  have  contributed  to  again  revive  an  old  but  remarkably 
long-lived  hope— that  of  discovering,  if  not  by  experiment,  at  least  by  a 
mental  effort,  the  primary  matter — which  had  its  genesis  in  the  minds  of 
the  Grecian  philosophers,  and  has  been  transmitted,  together  with  many 
other  ideas  of  the  classic  period,  to  the  heirs  of  their  civilisation.  Having 
grown,  during  the  times  of  the  alchemists  up  to  the  period  when  experimental 
proof  was  required,  the  idea  has  rendered  good  service  ;  it  induced  those 
careful  observations  and  experiments  which  later  on  called  into  being  the 
works  of  Scheele,  Lavoisier,  Priestley,  and  Cavendish.  It  then  slumbered 
awhile,  but  was  soon  awakened  by  the  attempts  either  to  confirm  or  to  refute 
the  ideas  of  Prout  as  to  the  multiple  proportion  relationship  of  the  atomic 
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weights  of  all  the  elements.  And  once  again  the  inductive  or  experimental 
method  of  studying  Nature  gained  a  direct  advantage  from  the  old  Pytha- 
gorean idea  :  because  atomic  weights  were  determined  with  an  accuracy 
formerly  unknown.  But  again  the  idea  could  not  stand  the  ordeal  of  experi- 
mental test,  yet  the  prejudice  remains  and  has  not  been  uprooted,  even  by 
Stas  ;  nay,  it  has  gained  a  new  vigour,  for  we  see  that  all  which  is  imperfectly 
worked  out,  netv  and  unexplained,  from  the  still  scarcely  studied  rare  metals 
to  the  hardly  perceptible  nebula;,  have  been  used  to  justify  it.  As  soon  as 
spectrum  analysis  appears  as  a  new  and  powerful  weapon  of  chemistry,  the 
idea  of  a  primary  matter  is  immediately  attached  to  it.  From  all  sides  we 
see  attempts  to  constitute  the  imaginary  substance  helium'  the  so  much 
longed  for  primary  matter.  No  attention  is  paid  to  the  circumstance  that 
the  helium  line  is  only  seen  in  the  spectrum  of  the  solar  protuberances,  so 
that  its  universality  in  Nature  remains  as  problematic  as  the  primary  matter 
itself ;  nor  to  the  fact  that  the  helium  line  is  wanting  amongst  the  Fraun- 
hofer  lines  of  the  solar  spectrum,  and  thus  does  not  answer  to  the  brilliant 
fundamental  conception  which  gives  its  real  force  to  spectrum  analysis. 

And  finally,  no  notice  is  even  taken  of  the  indubitable  fact  that  the  bril- 
liancies of  the  spectral  lines  of  the  simple  substances  vary  under  different  tem- 
peratures and  pressures  ;  so  that  all  probabilities  are  in  favour  of  the  helium 
line  simply  belonging  to  some  long  since  known  element  placed  under  such 
conditions  of  temperature,  pressure,  and  gravity  as  have  not  yet  been  reahsed 
in  our  experiments.  Again,  the  idea  that  the  excellent  investigations  of 
Lockyer  of  the  spectrum  of  iron  can  be  interpreted  in  favour  of  the  compound 
nature  of  that  element,  evidently  must  have  arisen  from  some  misunder- 
standing. The  spectrum  of  a  compound  certainly  does  not  appear  as  a, 
sum  of  the  spectra  of  its  components ;  and  therefore  the  observations  of 
Lockyer  can  be  considered  precisely  as  a  proof  that  iron  undergoes  no  other 
changes  at  the  temperature  of  the  sun  than  those  which  it  experiences  in  the 
voltaic  arc— provided  the  spectrum  of  iron  is  preserved.  As  to  the  shifting 
of  some  of  the  lines  of  the  spectrum  of  iron  while  the  other  lines  maintain 
their  positions,  it  can  be  explained,  as  shown  by  M.  Kleiber  ('  .Journal  of  the 
Eussian  Chemical  and  Physical  Society,'  1885,  147),  by  the  relative  motion 
of  the  various  strata  of  the  sun's  atmosphere,  and  by  ZoUner's  laws  of  the 
relative  brilliancies  of  different  lines  of  the  spectrum.  Moreover,  it  ought 
not  to  be  forgotten  that  if  iron  were  really  proved  to  consist  of  two  or  more 
unknown  elements,  we  should  simply  have  an  increase  in  the  number  of  our 
elements— not  a  reduction,  and  still  less  a  reduction  of  all  of  them  to  one 
single  primary  matter. 

Feeling  that  spectrum  analysis  will  not  yield  a  support  to  the  Pythagorean 
conception,  its  modern  promoters  are  so  bent  upon  its  being  confirmed  by 
the  periodic  law,  that  the  illustrious  Berthelot,  in  his  work  '  Les  origines  de 
I'Alchimie,'  1885,  313,  has  simply  mixed  up  the  fundamental  idea  of  the  law 
of  periodicity  with  the  ideas  of  Prout,  the  alchemists,  and  Democritus  about 
primary  matter.'    But  the  periodic  law,  based  as  it  is  on  the  sohd  and  whole- 

■'  That  is,  a  substance  having  a  wave-length  equal  to  00005875  millimetre. 
^  He    maintains   (on   ji.    309)   that   the   perioclic   law    r#quires   two  new   analogous 
elements,  having  atomic  weights  of  48  and   i;4,  occupying  positions  between   sulphur 
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some  ground  of  experimental  research,  has  been  evolved  independently  of 
any  conception  as  to  the  nature  of  the  elements  ;  it  does  not  in  the  least 
originate  in  the  idea  of  a  unique  matter;  and  it  has  no  historical  connec- 
tion with  that  relic  of  Ihe  torments  of  classical  thought,  and  therefore  it 
I  affords  no  more  indication  of  the  unity  of  matter  or  of  the  compound  character 
I  of  our  elements,  than  the  law  of  A\'Ogadro,  or  the  lavy  of  specific  heats,  or 
exen  the  conclusions  of  spectrum  analysis.     None   of   the   advocates   of  a 
imique  matter  have  ever  tried  to  explain  the  law  from  the  standpoint  of  ideas 
'  taken  from  a  remote  antiquity  when  it  was  found  convenient  to  admit  the 
existence  of  many  gods— and  of  a  unique  matter. 

^Yhen  we  try  to  explain  the  origin  of  the  idea  of  a  imique  primary 
matter,  we  easily  trace  that  in  the  absence  of  inductions  from  experiment  it 
derives  its  origin  from  the  scientifically  philosophical  attempt  at  discovering 
some  kind  of  unity  in  the  immense  diversity  of  individualities  which  we  see 
around.  In  classical  times  such  a  tendency  could  only  be  satisfied  by  con- 
ceptions about  the  immaterial  world.  As  to  the  material  world,  our  ancestors 
were  compelled  to  resort  to  some  hypothesis,  and  they  adopted  the  idea  of 
unity  in  the  formative  material,  because  they  were  not  able  to  e-\'olve  the 
conception  of  any  other  possible  unity  in  order  to  connect  the  multifarious 
relations  of  matter.  Responding  to  the  same  legitimate  scientific  tendency, 
natural  science  has  discovered  throughout  the  universe  a  unity  of  plan,  a 
unity  of  forces,  and  a  unity  of  matter,  and  the  conv'incing  conclusions  of 
modern  science  compel  every  one  to  admit  these  kinds  of  unity.  But  while 
we  admit  unity  in  many  things,  we  none  the  less  must  also  explain  the 
individuality  and  the  apparent  diversity  which  we  cannot  fail  to  trace  every- 
where. It  has  been  said  of  old,  '  Give  us  a  fulcrum,  and  it  will  become  easy  to 
displace  the  earth.'  So  also  we  must  say,  '  Give  us  something  that  is  individu- 
alised, and  the  apparent  div'ersity  will  be  easily  understood.'  Otherwise,  how 
could  unity  result  in  a  multitude  ? 

After  a  long  and  painstaking  research,  natural  science  has  discovered  the 
individualities  of  the  chemical  elements,  and  therefore  it  is  now  capable  not 
only  of  analysing,  but  also  of  synthesising ;  it  can  understand  and  grasp 
generalitj-  and  unity,  as  well  as  the  individuaUsed  and  the  multifarious. 
The  general  and  universal,  like  time  and  space,  like  force  and  motion,  vary  uni- 
formly ;  the  uniform  admit  of  interpolations,  revealing  every  intermediate 
phase.  But  the  multitudinous,  the  individualised — such  as  ourselves,  or  the 
chemical  elements,  or  the  members  of  a  peculiar  periodic  function  of  the 
elements,  or  Dalton's  multiple  proportions — is  characterised  in  another 
way :  we  see  in  it,  side  b^'  side  with  a  connecting  general  principle,  leaps, 
breaks  of  continuity,  points  which  escape  from  the  analysis  of  the  infinitely 
small — an  absence  of  complete  intermediate  links.  Chemistry  has  found  an 
answer  to  the  question  as  to  the  causes  of  multitudes ;  and  while  retaining 
the  conception  of  many  elements,  all  submitted  to  the  discipline  of  a  general 
law,  it  offers  an  escape  from  the  Indian  Nirvana — the  absorption  in  the 
universal,  replacing  it  by  the  individualised.     However,  the  place  for  indi- 

and  selenium,  although  notl^ng  of  the  Idud  results  from  any  of  the  different  readings  of 
the  law. 
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viduality  is  so  limited  by  the  all-grasping,  all-powerful  imiversal,  that  it  is 
merely  a  point  of  support  for  the  understanding  of  multitude  in  unity. 

Having  touched  upon  the  metaphysical  bases  of  the  conception  of  a 
unique  matter  which  is  supposed  to  enter  into  the  composition  of  all  bodies 
I  think  it  necessary  to  dwell  upon  another  theory,  akin  to  the  above  concep- 
tion— the  theory  of  the  compound  character  of  the  elements  now  admitted  by 
some — and  especially  upon  one  particular  circumstance  which,  being  related 
to  the  periodic  law,  is  considered  to  be  an  argument  in  favour  of  that  hypo- 
thesis. 

Dr.  Pelopidas,  in  1883,  made  a  communication  to  the  Russian  Chemical 
and  Physical  Society  on  the  periodicity  of  the  hydrocarbon  radicles,  pointing 
out  the  remarkable  parallelism  which  was  to  be  noticed  in  the  change  of 
properties  of  hydrocarbon  radicles  and  elements  when  classed  in  groups. 
Professor  Carnelley,  in  1886,  developed  a  similar  parallelism.  The  idea  of 
M.  Pelopidas  will  be  easily  imderstood  if  we  consider  the  series  of  hydro- 
carbon radicles  which  contain,  say,  6  atoms  of  carbon : — 


I. 

II. 

III. 

IV. 

V. 

VI. 

VII. 

VIII, 

CeHij 

CfiHia 

CeHji 

OeHio 

CbH^ 

CaH, 

C„H, 

CeH, 

The  first  of  these  radicles,  like  the  elements  of  the  1st  group,  combines  with 
CI,  OH,  and  so  on,  and  gives  the  derivatives  of  hexyl  alcohol,  C,jH]3(0H)  ; 
but,  in  proportion  as  the  number  of  hydrogen  atoms  decreases,  the  capacity 
of  the  radicles  of  combining  with,  say,  the  halogens  increases.  C^Hij  already 
combines  with  2  atoms  of  chlorine  ;  CjHjj  with  3  atoms,  and  so  on.  The 
last  members  of  the  series  comprise  the  radicles  of  acids  :  thus  C^H^,  which 
belongs  to  the  6th  group,  gives,  like  sulphur,  a  bibasic  acid,  Cf-^gO^iOIl)^, 
which  is  homologous  with  oxalic  acid.  The  parallelism  can  be  traced  still 
further,  because  CgHj  appears  as  a  monovalent  radicle  of  benzene,  and  with 
it  begins  a  new  series  of  aromatic  derivatives,  so  analogous  to  the  derivatives  of 
the  aliphatic  series.  Let  me  also  mention  another  example  from  among  those 
which  have  been  given  by  M.  Pelopidas.  Starting  from  the  alkaline  radicle 
of  monomethylammonium,  N(CH3)H3,  or  NCHg,  which  presents  many 
analogies  with  the  alkaline  metals  of  the  1st  group,  he  arrives,  by  successively 
diminishing  the  number  of  the  atoms  of  hydrogen,  at  a  7th  group  which 
contains  cyanogen,  CN,  which  has  long  since  been  compared  to  the  halogens 
of  the  7th  group. 

The  most  important  consequence  which^  in  my  opinion,  can  be  drawn 
from  the  above  comparison  is  that  the  periodic  law,  so  apparent  in  the 
elements,  has  a  wider  application  than  might  appear  at  first  sight ;  it  opens 
up  a  new  vista  of  chemical  evolutions.  But,  while  admitting  the  fiiUest 
paraUehsm  between  the  periodicity  of  the  elements  and  that  of  the  compound 
radicles,  we  must  not  forget  that  in  the  periods  of  the  hydrocarbon  radicles 
we  have  a  decrease  of  mass  as  we  pass  from  the  representatives  of  the  first 
group  to  the  next,  while  in  the  periods  of  the  elements  the  mass  increases 
during  the  progression.  It  thus  becomes  evident  that  we  cannot  speak  of  an 
identity  of  periodicity  in  both  cases,  unless  we  put  aside  the  ideas  of  mass 
and  attraction,  which  are  the  real  corner-stones  of  the  whole  of  natural 
science,  and  even  enter  into  those  very  conceptions  of  simple  substances  which 

VOL.  II.  I  I 


482  PKraCIPLES   OF  CHEMISTRY 

came  to  light  a  full  hundred  years  later  than  the  immortal  principles  of 
Newton."' 

From  the  foregoing,  as  well  as  from  the  failures  of  so  many  attempts  at 
finding  in  experiment  and  speculation  a  proof  of  the  compound  character  of 
the  elements  and  of  the  existence  of  primordial  matter,  it  is  evident,  in  my 
opinion,  that  this  theory  must  be  classed  among  mere  Utopias.  But  Utopias 
can  only  be  combated  by  freedom  of  opinion,  by  experiment,  and  by  new 
Utopias.  In  the  repubhc  of  scientific  theories  freedom  of  opinions  is  guaran- 
teed. It  is  precisely  that  fi:eedom  which  permits  me  to  criticise  openly  the 
widely- diffused  idea  as  to  the  unity  of  matter  in  the  elements.  Experiments 
and  attempts  at  confirming  that  idea  have  been  so  numerous  that  it  really 
would  be  mstructive  to  have  them  ah.  collected  together,  if  only  to  serve  as  a 
warning  against  the  repetition  of  old  failures.  And  now  as  to  new  Utopias 
which  may  be  helpful  in  the  struggle  against  the  old  ones,  I  do  not  think  it 
quite  useless  to  mention  a  pliantasy  of  one  of  my  students  who  imagined  that 
the  weight  of  bodies  does  not  depend  upon  their  mass,  but  upon  the  character 
of  the  motion  of  their  atoms.  The  atoms,  according  to  this  new  Utopian,  may 
all  be  homogeneous  or  heterogeneous,  we  know  not  which ;  we  know  them 
in  motion  only,  and  that  motion  they  maintain  with  the  same  persistence  as 
the  stellar  bodies  maintain  theirs.  The  weights  of  atoms  differ  only  in  con- 
sequence of  their  various  modes  and  quantity  of  motion  ;  the  heaviest  atoms  ' 
may  be  much  simpler  than  the  lighter  ones  :  thus  an  atom  of  mercury  may 
be  simpler  than  an  atom  of  hydrogen — the  manner  in  wliich  it  moves  causes 
it  to  be  heavier.  My  interlocutor  even  suggested  that  the  view  which 
attributes  the  greater  complexity  to  the  lighter  elements  finds  confirmation 
in  the  fact  that  the  hydrocarbon  radicles  mentioned  by  Pelopidas,  while 
becoming  lighter  as  they  lose  hydrogen,  change  their  properties  periodically 
in  the  same  manner  as  the  elements  change  theirs,  according  as  the  atoms 
grow  heavier. 

The  French  proverb.  La  critique  est  facile,  mais  Vart  est  difficile,  how- 
ever, may  well  be  reversed  in  the  case  of  all  such  ideal  views,  as  it  is  much 
easier  to  formulate  than  to  criticise  them.  Arising  from  the  virgin  soil  of 
newly-estabHshed  facts,  the  knowledge  relating  to  the  elements,  to  their 
masses,  and  to  the  periodic  changes  of  their  properties  has  given  a  motive 
for  the  formation  of  Utopian  hypotheses,  probably  because  they  could  not  be 
foreseen  by  the  aid  of  any  of  the  various  metaphysical  systems,  and  exist, 
like  the  idea  of  gravitation,  as  an  independent  outcome  of  natural  science, 
requiring  the  acknowledgment  of  general  laws,  when  these  have  been  estab- 
lished with  the  same  degree  of  persistency  as  is  indispensable  for  the  accept- 
ance of  a  thoroughly  established  fact.  Two  centuries  have  elapsed  since  the 
theory  of  gravitation  was  enunciated,  and  although  we  do  not  understand  its 
cause,  we  stiU  must  regard  gravitation  as  a  fundamental  conception  of  natural 
philosophy,  a  conception  which  has  enabled  us  to  perceive  much  more  than 
the  metaphysicians  did  or  could  with  their  seeming  omniscience.   A  hundred 

•''  It  is  noteworthy  that  the  year  in  which  Lavoisier  was  bom  (1748) — the  author  of 
the  idea  of  elements  and  of  the  indestructibiUty  of  matter — is  later  by  exactly  one 
century  than  the  year  in  which  the  author  of  the  theory  of  gravitation  and  mass  was  born 
'1643  N.S.).   The  affiliation  of  the  ideas  of  Lavoisier  and  those  of  Newton  is  beyond  doubt. 
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years  later  the  conception  of  the  elements  arose  ;  it  made  chemistry  what  it  i 
now  is  ;  and  yet  we  have  advanced  as  little  in  our  comprehension  of  simple  ' 
substances  since  the  times  of  Lavoisier  and  Dalton  as  we  ha^'e  in  our  under- 
standing of  gravitation.  The  periodic  law  of  the  elements  is  only  twenty 
years  old ;  it  is  not  surprising,  therefore,  that,  knowing  nothing  about  the 
causes  of  gravitation  and  mass,  or  about  the  nature  of  the  elements,  we  do 
not  comprehend  the  rationale  of  the  periodic  law.  It  is  only  by  collecting 
established  laws — that  is,  by  working  at  the  acquirement  of  truth — that  we 
can  hope  gradually  to  lift  the  veil  which  conceals  from  us  the  causes  of  the 
mysteries  of  Nature  and  to  discover  their  mutual  dependency.  Like  the 
telescope  and  the  microscope,  laws  founded  on  the  basis  of  experiment  are 
the  instruments  and  means  of  enlarging  our  mental  horizon. 

In  the  remaining  part  of  my  communication  I  shall  endeavour  to  show, 
and  as  briefly  as  possible,  in  how  far  the  periodic  law  contributes  to  enlarge 
our  range  of  vision.  Before  the  promulgation  of  this  law  the  chemical 
elements  were  mere  fragmentary,  incidental  facts  in  Nature  ;  there  was  no 
special  reason  to  expect  the  discovery  of  new  elements,  and  the  new  ones 
which  were  discovered  from  time  to  time  appeared  to  be  possessed  of  quite 
novel  properties.  The  law  of  periodicity  first  enabled  us  to  perceive  undis- 
covered elements  at  a  distance  which  formerly  was  inaccessible  to  chemical 
vision ;  and  long  ere  they  were  discovered  new  elements  appeared  before  our 
eyes  possessed  of  a  number  of  well-defined  properties.  We  now  know  three 
cases  of  elements  whose  existence  and  properties  were  foreseen  by  the  instru- 
mentality of  the  periodic  law.  I  need  but  mention  the  brilliant  discovery  of 
galUum,  which  proved  to  correspond  to  eka-almninium  of  the  periodic  law,  by 
Leooq  de  Boisbaudran  ;  of  scandium,  corresponding  to  ekaboron,  by  Nilson  ; 
and  ot  germanium,  which  proved  to  correspond  in  all  respects  to  ekasilicon, 
by  Winiler.  When,  in  1871,  I  described  to  the  Russian  Chemical  Society 
the  properties,  clearly  defined  by  the  periodic  law,  which  such  elements 
ought  to  possess,  I  never  hoped  that  I  should  live  to  mention  their  discovery 
to  the  Chemical  Society  of  Great  Britain  as  a  confirmation  of  the  exactitude 
and  the  generality  of  the  periodic  law.  Now  that  I  have  had  the  happiness 
of  doing  so,  I  unhesitatingly  say  that,  although  greatly  enlarging  our  vision, 
even  now  the  periodic  law  needs  further  improvements  in  order  that  it  may 
become  a  trustworthy  instrument  in  further  discoveries." 

I  will  venture  to  allude  to  some  other  matters  which  chemistry  has  dis- 
cerned by  means  of  its  new  instrument,  and  which  it  could  not  have  made 

^  I  foresee  some  more  uew  elements,  but  not  with  the  same  certitude  as  before.  I 
shall  give  one  example,  and  yet  I  do  not  see  it  quite  distinctly.  In  the  series  which  con- 
tains Hg= 204,  Pb  =  206,  and  Bi  =  208,  we  can  imagine  the  existence  (at  the  place  VI — 11) 
of  an  element  analogous  to  tellurium,  which  we  can  describe  as  dvi-tellurium,  Dt,  having 
an  atomic  weight  of  212,  and  the  property  of  forming  the  oxide  DtOj.  If  this  element 
really  exists,  it  ought  in  the  free  state  to  be  an  easily  fusible,  crystalhne,  non-volatile 
metal  of  a  grey  colour,  having  a  density  of  about  9'S,  capable  of  giving  a  dioxide,  DtO-j, 
equally  endowed  with  feeble  acid  and  basic  properties.  This  dioxide  must  give  on  active 
oxidation  an  unstable  higher  oxide,  DtOj,  which  should  resemble  in  its  properties  PbOo 
and  BijOs.  Dvi-tellurium  hydride,  if  it  be  found  to  exist,  will  be  a  less  stable  compound 
than  even  II^Te.  The  compounds  of  dvi-tellurium  will  be  easUy  reduced,  and  it  will  form 
characteristic  definite  alloys  with  other  metals. 

II  2 
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out  without  a  knowledge  of  the  law  of  periodicity,  and  I  will  confine  myself 
to  simple  substances  and  to  oxides. 

Before  the  periodic  law  was  formulated  the  atomic  weights  of  the  elements 
were  purely  empirical  numbers,  so  that  the  magnitude  of  the  equivalent,  and 
the  atomicity,  or  the  value  in  substitution  possessed  by  an  atona,  could  only 
be  tested  by  critically  examining  the  methods  of  determination,  but  never 
directly  by  considering  the  numerical  values  themselves  ;  in  short,  we  were 
compelled  to  move  in  the  dark,  to  submit  to  the  facts,  instead  of  being  masters 
of  them.  I  need  not  recount  the  methods  which  permitted  the  periodic  law 
at  last  to  master  the  facts  relating  to  atomic  weights,  and  I  would  merely 
call  to  mind  that  it  compelled  us  to  modify  the  valencies  of  indium  and 
cerium,  and  to  assign  to  their  compounds  a  different  molecular  composition. 
Determinations  of  the  specific  heats  of  these  two  metals  fully  confirmed  the 
change.  The  trivalenoy  of  yttrium,  which  makes  us  now  represent  its  oxide 
as  Y0O.J  instead  of  as  YO,  was  also  foreseen  (in  1870)  by  the  periodic  law,  and 
it  has  now  become  so  probable  that  Cleve,  and  all  other  subsequent  investi- 
gators of  the  rare  metals,  have  not  only  adopted  it,  but  have  also  applied  it 
without  any  new  demonstration  to  substances  so  imperfectly  known  as  those 
of  the  cerite  and  gadolinite  group,  especially  smce  HHlebrand  determined  the 
specific  heats  of  lanthanum  and  didymium  and  confirmed  the  expectations 
suggested  by  the  periodic  law.  But  here,  especially  in  the  ease  of  didymium, 
we  meet  with  a  series  of  difficulties  long  since  foreseen  through  the  periodic 
law,  but  only  now  becoming  evident,  and  chiefly  arising  from  the  relative 
rarity  and  insufficient  knowledge  of  the  elements  which  usually  accompany 
didymium. 

Passing  to  the  results  obtained  in  the  case  of  the  rare  elements  beryllium, 
scandium,  and  thorium,  it  is  found  that  these  have  many  points  of  contact 
with  the  periodic  law.  Although  Avdeeff  long  since  proposed  the  magnesia 
formula  to  represent  beryllium  oxide,  yet  there  was  so  much  to  be  said  in 
favour  of  the  alumina  formula,  on  account  of  the  specific  heat  of  the  metals 
and  the  isomorphism  of  the  two  oxides,  that  it  became  generally  adopted 
and  seemed  to  be  well  established.  The  periodic  law,  however,  as  Brauner 
repeatedly  insisted  ('Berichte,'  1878,872;  1881,  53),  was  against  the  formula 
Be203 ;  it  required  the  magnesia  formula  BeO — that  is,  an  atomic  weight 
of  9  —because  there  was  no  place  in  the  system  for  an  element  hke  beryllium 
having  an  atomic  weight  of  13-6.  This  divergence  of  opinion  lasted  for 
years,  and  I  often  heard  that  the  question  as  to  the  atomic  weight  of  beryllimn 
threatened  to  disturb  the  generality  of  the  periodic  law,  or,  at  any  rate,  to 
reqxiire  some  important  modifications  of  it.  Many  forces  were  operating  in 
the  controversy  regarding  beryllium,  evidently  because  a  much  more  im- 
portant question  was  at  issue  than  merely  that  involved  in  the  discussion  of 
the  atomic  weight  of  a  relatively  rare  element :  and  during  the  controversy 
the  periodic  law  became  better  understood,  and  the  mutual  relations  of  the 
elements  became  more  apparent  than  ever  before.  It  is  raost  remarkable  that 
the  victory  of  the  periodic  law  was  won  by  the  researches  of  the  very  observers 
who  previously  had  discovered  a  number  of  facts  in  support  of  the  tri- 
valency  of  beryllium.  Applying  the  higher  law  of  Avogadro,  Nilson  and 
Petterson  have  finally  shown  that  the  density  of  the  vapour  of  the  beryl- 
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limn  chloride,  BeClj,  obliges  us  to  regard  beryllium  as  bivalent  in 
conformity  with  the  periodic  law.'  I  consider  the  confirmation  of  Avd^eff's 
and  Brauner's  view  as  important  in  the  history  of  the  periodic  law  as  the 
discovery  of  scandium,  which,  in  NUson's  hands,  confirmed  the  existence  of 
ekaboron. 

The  circumstance  that  thorium  proved  to  be  quadrivalent,  and  Th  =  232, 
in  accordance  with  the  views  of  Chydenius  and  the  requirements  of  the 
periodic  law,  passed  almost  imnoticed,  and  was  accepted  without  opposition, 
and  yet  both  thorium  and  uranium  are  of  great  importance  in  the  periodic 
system,  as  they  are  its  last  members,  and  have  the  highest  atomic  weights  of 
all  the  elements. 

The  alteration  of  the  atomic  weight  of  uranium  from  U  =  120  into  U  =  240 
attracted  more  attention,  the  change  having  been  made  on  account  of  the 
periodic  law,  and  for  no  other  reason.  Now  that  Eosooe,  Eammelsberg, 
Zimmermann,  and  several  others  have  admitted  the  various  claims  of  the 
periodic  law  in  the  case  of  uranium,  its  high  atomic  weight  is  received  with- 
out objection,  and  it  endows  that  element  with  a  special  interest. 

While  thus  demonstrating  the  necessity  for  modifying  the  atomic  weights 
of  several  insufficiently  known  elements,  the  periodic  law  enabled  us  also  to 
detect  errors  in  the  determination  of  the  atomic  weights  of  several  elements 
whose  valencies  and  true  position  among  other  elements  were  already  well 
known.  Three  such  cases  are  especially  noteworthy:  those  of  tellurium, 
titanium  and  platinum.  Berzelius  had  determined  the  atomic  weight  of 
tellurium  to  be  128,  while  the  periodic  law  claimed  for  it  an  atomic  weight 
below  that  of  iodine,  which  had  been  fixed  by  Stas  at  126'5,  and  which  was 
certainly  not  higher  than  127.  Brauner  then  undertook  the  investigation, 
and  he  has  shown  that  the  true  atomic  weight  of  telluriunr  is  lower  than  that 
of  iodine,  being  near  to  125.  For  titanium  the  extensive  researches  of 
Thorpe  have  confirmed  the  atomic  weight  of  Ti  =  48,  indicated  by  the  law, 
and  already  foreseen  by  Kose,  but  contradicted  by  the  analyses  of  Pierre  and 
several  other  chemists.  An  equally  brilliant  confirmation  of  the  expectations 
based  on  the  periodic  law  has  been  given  in  the  case  of  the  series  osmium, 
iridium,  platinum,  and  gold.  At  the  time  of  the  promulgation  of  the  periodic 
law,  the  determinations  of  Berzelius,  Bose,  and  many  others  gave  the  follow- 
ing figures : — 

Os  =  200;  Ir=197;  Pt  =  198 ;  Au  =  196. 

^  Let  me  mention  another  proof  of  the  bivalency  of  beiyllium  which  may  have  passed 
unnoticed,  as  it  was  only  published  in  the  Russian  chemical  literature.  Having  remarked 
(in  1884)  that  the  density  of  such  sohitions  of  chlorides  of  metals,  MCln,  as  contain  200 
raols.  of  water  (or  a  large  and  constant  amount  of  water)  regularly  increases  as  the  mole- 
cular weight  of  the  dissolved  salt  increases,  I  proposed  to  one  of  our  young  chemists, 
M.  Burdakolf,  that  he  should  investigate  beryllium  chloride.  If  its  molecule  be  BeOlg 
its  weight  must  be  =  80 ;  and  in  such  a  case  it  must  be  heavier  than  the  molecule  of 
KC1  =  74'5,  and  lighter  than  that  of  MgC1.2  =  93.  On  the  contrary,  if  beryllium  chloride  is 
a  trichloride,  BeCl5  =  120,  its  molecule  must  be  heavier  than  that  of  CaCLi^lll,  and 
lighter  than  that  of  MnCl^  =  126.  Experiment  has  shown  the  correctness  of  the  former 
formula,  the  solution  BeCl2  +  200H2O  having  (at  15°/4°)  a  density  of  1-0188,  this  being  a 
higher  density  than  that  of  the  solution  KCI  +  2OOH2O  (  =  1-0121),  and  lower  than  that  of 
MgCl2 -)- 2OOH3O  (  =  1-0208).  The  bivalency  of  beryllium  was  thus  confirmed  in  the  case 
both  of  the  dissolved  and  the  vaporised  chloride. 
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The  expectations  of  the  periodic  law "  have  been  confirmed,  first,  by  new 
determinations  of  the  atomic  weight  of  platinum  (by  Seubert,  Dittmar,  and 
M'Arthur,  which  proved  to  be  near  to  196  (taking  0  =  16,  as  proposed  by 
Marignac,  Brauner,  and  others) ;  secondly,  by  Seubert  ha-\Tiig  proved  that 
the  atomic  weight  of  osmium  is  really  lower  than  that  of  platinmn,  being 
near  to  191 ;  and  thirdly,  by  the  investigations  of  Kruss,  Thorpe  and 
Laurie,  proving  that  the  atomic  weight  of  gold  exceeds  that  of  platinum, 
and  approximates  to  197.  The  atomic  weights  which  were  thus  found  to 
require  correction  were  precisely  those  which  the  periodic  law  had  indicated 
as  affected  with  errors ;  and  it  has  been  proved,  therefore,  that  the  periodic 
law  affords  a  means  of  testing  experimental  results.  If  we  succeed  in  dis- 
covering the  exact  character  of  the  periodic  relationships  between  the 
increments  in  atomic  weights  of  allied  elements  discussed  by  Bidberg  in 
1885,  and  again  by  Bazaroff  in  1887,  we  may  expect  that  our  instrument 
wLU  give  us  the  means  of  still  more  closely  controlling  the  experimental  data 
relating  to  atomic  weights. 

Let  me  next  call  to  mind  that,  while  disclosing  the  variation  of  chemical 
properties,^  the  periodic  law.  has  also  enabled  us  to  systematically  discuss 
many  of  the  physical  properties  of  elementary  bodies,  and  to  show  that  these 
properties  are  also  subject  to  the  law  of  periodicity.  At  the  Moscow  Congress 
of  Bussian  Naturalists  in  August,  1869,  I  dwelt  upon  the  relations  which 
existed  between  density  and  the  atomic  weight  of  the  elements.  The  foUow- 
,  ing  year  Professor  Lothar  Meyer,  in  his  well-known  paper,'"  studied  the 
same  subject  in  more  detail,  and  thus  contributed  to  spread  information 
about  the  periodic  law.  Later  on,  Carnelley,  Laurie,  L.  Meyer,  Boberts- 
Austen,  and  several  others  applied  the  periodic  system  to  represent  the  order 
in  the  changes  of  the  magnetic  properties  of  the  elements,  their  melting 
points,  the  heats  of  formation  of  their  haloid  compounds,  and  even  of  such 
mechanical  properties  as  the  co-eflScient  of  elasticity,  the  breaking  stress,  &c., 
&c.  These  deductions,  which  have  received  further  support  in  the  discovery 
of  new  elements  endowed  not  only  with  chemical  but  even  with  physical 
properties,  which  were  foreseen  by  the  law  of  periodicity,  are  well  known ; 
so  I  need  not  dwell  upon  the  subject,  and  may  pass  to  the  consideration  of 
oxides." 

"  I  pointed  them  oat  in  the  Liehig's  Annalen,  Supplement  Band.,  viii.  1871,  p.  211. 
^  Thus,  in  the  typical  small  period  of 

Li,  Be,  B,  C,  N,  O,  F, 

we  see  at  once  the  progression  from  the  alkali  metals  to  the  acid  non-metals,  such  as 
are  the  halogens. 

'"  Liehig's  Annalen,  Supplement  Bajid.,  vii.  1870. 

1'  A  distinct  periodicity  can  also  be  discovered  in  the  spectra  of  the  elements.  Thus 
the  researches  of  Hartley,  Ciamician,  and  others  have  disclosed,  first,  the  homology 
of  the  spectra  of  analogous  elements :  secondly,  that  the  alkali  metals  have  simpler 
spectra  than  the  metals  of  the  following  groups ;  and  thirdly,  that  there  is  a  certain  like- 
ness between  the  complicated  spectra  of  manganese  and  iron  on  the  one  hand,  and  the 
no  less  complicated  spectra  of  chlorine  and  bromine  on  the  other  hand,  and  their  likeness 
corresponds  to  the  degree  of  analogy  between  those  elements  which  is  indicated  by  the 
periodic  law. 
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In  indicating  that  the  gradual  increase  of  tlie  power  of  elements  of  com- 
bining with  oxygen  is  accompanied  by  a  corresponding  decrease  in  their 
power  of  combining  with  hydrogen,  the  periodic  law  has  shown  that  there  is 
a  limit  of  oxidation,  just  as  there  is  a  well-known  limit  to  the  capacity  of 
elements  for  combining  with  hydrogen.  A  single  atom  of  an  element  com- 
bines with  at  most  four  atoms  of  either  hydrogen  or  oxygen  ;  and  while  CHj 
and  SiH^  represent  the  highest  hydrides,  so  EuOj  and  OsO^  are  the  highest 
oxides.  We  are  thus  led  to  recognise  types  of  oxides,  just  as  we  have  had  to 
recognise  types  of  hydrides.''' 

The  periodic  law  has  demonstrated  that  the  maximum  extent  to  which 
different  non-metals  enter  into  combination  with  oxygen  is  determined  by  the 
extent  to  which  they  combine  with  hydrogen,  and  that  the  sum  of  the  number 
of  equivalents  of  both  must  be  equal  to  8.  Thus  chlorine,  which  combines 
with  1  atom  or  1  equivalent  of  hydrogen,  cannot  fix  more  than  7  equivalents 
of  oxygen,  giving  CL.O, ;  while  sulphur,  which  fixes  2  equivalents  of  hydrogen, 
cannot  combine  with  more  than  6  equivalents  or  3  atoms  of  oxygen.  It  thus 
becomes  evident  that  we  cannot  recognise  as  a  fundamental  property  of  the 
elements  the  atomic  valencies  deduced  from  their  hydrides ;  and  that  we 
must  modify,  to  a  certain  extent,  the  theory  of  atomicity  if  we  desire  to  raise 
it  to  the  dignity  of  a  general  principle  capable  of  affording  an  insight  into  the 
constitution  of  all  compound  molecules.  In  other  words,  it  is  only  to  carbon, 
which  is  quadrivalent  with  regard  both  to  oxygen  and  hydrogen,  that  we  can 
apply  the  theory  of  constant  valency  and  of  bond,  by  means  of  which  so  many 
stiU  endeavour  to  explain  the  structure  of  compound  molecules.  But  I  should 
go  too  far  if  I  ventured  to  explain  in  detail  the  conclusions  which  can  be 
drawn  from  the  above  considerations.  StUl,  I  think  it  necessary  to  dwell 
upon  one  particular  fact  which  must  be  explained  from  the  point  of  view  of 
the  periodic  law  in  order  to  clear  the  way  to  its  extension  in  that  particular 
direction. 

The  higher  oxides  yielding  salts  the  formation  of  which  was  foreseen  by 
the  periodic  system — for  instance,  in  the  short  series  beginning  with  sodium — ■ 

Na,0,  MgO,  Al.Oj,  SiO„,  Vfi„  SO3,  CIA. 

must  be  clearly  distinguished  from  the  higher  degrees  of  oxidation  which  cor- 
respond to  hydrogen  peroxide  and  bear  the  true  character  of  peroxides.  Per- 
oxides such  as  Na^Oj,  BaOj,  and  the  like  have  long  been  known.     Similar 

1^  Formerly  it  was  supposed  that,  being  a  bivalent  element,  oxygen  can  enter  into  any 
grouping  of  the  atoms,  and  there  was  no  limit  foreseen  as  to  the  extent  to  which  it  could 
further  enter  into  combination.  We  could  not  explain  why  bivalent  sulphur,  which  forms 
compounds  such  as 

S<0>anaS<0>0, 

could  not  also  form  oxides  such  as — 

while  other  elements,  as,  for  instance,  chlorine,  form  compounds  such  as — 
CI— 0— 0— 0— 0-K 
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peroxides  have  also  recently  become  known  in  the  case  of  chromium,  sulphur, 
titanium,  and  many  other  elements,  and  I  have  sometimes  heard  it  said  that 
discoveries  of  this  kind  weaken  the  conclusions  of  the  periodic  law  in  so  far 
as  it  concerns  the  oxides.  I  do  not  think  so  in  the  least,  and  I  may  remark, 
in  the  first  place,  that  all  these  peroxides  are  endowed  with  certain  properties 
obviously  common  to  all  of  them,  which  distinguish  them  from  the  actual, 
higher,  salt-forming  oxides,  especiaUj'  their  easy  decomposition  by  means  of 
simple  contact  agencies  ;  their  incapability  of  forming  salts  of  the  common 
type ;  and  their  capability  of  combining  with  other  peroxides  (like  the  faculty 
which  hydrogen  peroxide  possesses  of  combining  with  barium  peroxide,  dis- 
covered by  Schoene).  Again,  we  remark  that  some  groups  are  especially 
characterised  by  their  capacity  of  generating  peroxides.  Such  is,  for  instance, 
the  case  in  the  sixth  group,  where  we  find  the  well-known  peroxides  of 
sulphur,  chromium,  and  uranium ;  so  that  further  investigation  of  peroxides 
wiU  probably  establish  a  new  periodic  function,  foreshadowing  that  molyb- 
denum and  tungsten  will  assume  peroxide  forms  with  comparative  readiness. 
To  appreciate  the  constitution  of  such  peroxides,  it  is  enough  to  notice  that 
the  peroxide  form  of  sxdphur  (so-called  persulphuric  acid)  stands  in  the  same 
relation  to  sulphuric  acid  as  hydrogen  peroxide  stands  to  water : — 

H(OH),  or  H3O,  responds  to  (OH)(OH),  or  H„0„, 
and  so  also — 

H(HSO,),  or  H,SO,,  responds  to  (HSOJ(HSOJ,  or  B-Sfi^- 

Similar  relations  are  seen  everywhere,  and  they  correspond  to  the  principle 
of  substitutions  which  I  long  since  endeavoured  to  represent  as  one  of  the 
chemical  generalisations  called  into  life  by  the  periodic  law.  So  also 
sulphuric  acid,  if  considered  with  reference  to  hydroxyl,  and  represented  as 
follows — 

HO(SO,,OH), 

has  its  corresponding  compound  in  dithionic  acid — 
(S0,0H)(S050H),  or  U^S.flg. 

Therefore,  also,  phosphoric  acid,  H0(P0H20o),  has,  in  the  same  sense,  its 
corresponding  compound  in  the  subphosphoric  acid  of  Saltzer : — 

(POH,0,,)(POH,0,,),  or  H,P,0„ ; 

and  we  must  suppose  that  the  peroxide  compound  corresponding  to  phosphoric 
acid,  if  it  be  discovered,  will  have  the  following  structure  : — 

(H^POJ,  or  HiPoOa  =  2H„0  +  2PO3." 

So  far  as  is  known  at  present,  the  highest  form  of  peroxides  is  met  with  in 

^^  in  this  sense,  oxalic  acid,  (C00H)2,  also  corresponds  to  carbonic  acid,  OH(COOH), 
in  the  same  way  that  dithionic  acid  corresponds  to  sulphuric  acid,  and  subphosphoric 
acid  to  phosphoric;  hence,  if  a  peroxide  corresponding  to  carbonic  acid  be  obtained, 
it  will  have  the  structure  of  (HCOs);;,  or  HjCjOg  =  H2O  -I-  C2O5.  So  also  lead  must  have 
a  real  peroxide,  PbaOs-  .... 
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the  peroxide  of  uramum,  UOj,  prepared  by  Fairley ;  '*  while  Os0.j  is  tlie 
highest  oxide  giving  salts.  The  line  of  argument  which  is  inspired  by  the 
periodic  law,  so  far  from  being  weakened  by  the  discovery  of  peroxides,  is 
thus  actually  strengthened,  and  we  must  hope  that  a  further  exploration  of 
the  region  under  consideration  will  confirm  the  applicabihty  to  chemistry 
generally  of  the  principles  deduced  from  the  periodic  law. 

Permit  me  now  to  conclude  my  rapid  sketch  of  the  oxygen  compounds  by 
the  observation  that  the  periodic  law  is  especially  brought  into  evidence  in 
the  case  of  the  oxides  which  constitute  the  immense  majority  of  bodies  at  our 
disposal  on  the  siurfaoe  of  the  earth. 

The  oxides  are  evidently  subject  to  the  law,  both  as  regards  then'  chemical 
and  their  physical  properties,  especially  if  we  take  into  account  the  cases  of 
polymerism  which  are  so  obvious  when  comparing  CO,,  with  SinO^,,.  In  order 
to  prove  this  I  give  the  densities  s  and  the  specific  volumes  v  of  the  higher 
oxides  of  two  short  peripds.  To  render  comparison  easier,  the  oxides  are  all 
represented  as  of  the  form  B^O,,.  In  the  column  headed  A  the  differences 
are  given  between  the  volume  of  the  oxygen  compound  and  that  of  the  parent 
element,  divided  by  n — that  is,  by  the  number  of  atoms  of  oxygen  in  the 
compound : —  ^ 


NajO  
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0 

SiA  

2-65 

+  5 
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2-89 

1-96 

V  0 

8-49 

6-7 

S,0„    

* -J^o    

Cr„0,.  

2-74 

9-5 

I  have  nothing  to  add  to  these  figures,  except  that  like  relations  appear  in 
other  periods  as  well.  The  above  relations  were  precisely  those  which  made 
it  possible  for  me  to  be  certain  that  the  relative  density  of  ekasilicon  oxide 
woidd  be  about  4-7  ;  germanium  oxide,  actually  obtained  by  Winkler,  proved, 
in  fact,  to  have  the  relative  density  4-703. 

The  foregoing  account  is  far  from  being  an  exhaustive  one  of  aU  that  has 
already  been  discovered  by  means  of  the  periodic  law  telescope  in  the  bound- 
less realms  of  chemical  evolution.  Still  less  is  it  an  exhaustive  account  of  all 
that  may  yet  be  seen,  but  I  trust  that  the  little  which  I  have  said  will  account 


1^  The  compounds  of  uranium  prex^ared  by  Fairley  seem  to  me  especially  instructive 
in  understanding  the  peroxides.  By  the  action  of  hydrogen  peroxide  on  uranium  oxide, 
UO3,  a  peroxide  of  uranium,  U04,4H20,  is  obtained  (U  =  240)  if  the  solution  be  acid ;  but 
if  hydrogen  peroxide  act  on  uraniiun  oxide  in  the  presence  of  caustic  soda,  a  crystalHne 
deposit  is  obtained  which  has  the  composition  Na4U08,-4H20,  and  evidently  is  a  combina- 
tion of  sodium  peroxide,  Na^O.j,  with  uranium  peroxide,  UO4.  It  is  possible  that  the 
former  peroxide,  U04,4HoO,  contains  the  elements  of  hydrogen  peroxide  and  uranium 
peroxide,  U2O7,  or  even  U(0H)6,H^,0o,  like  the  peroxide  of  tin  recently  discovered  by 
Spring,  which  has  the  constitution  Sn305,H202. 

^■^  A  thus  represents  the  average  increase  of  volume  for  each  atom  of  oxygen  con- 
tained in  the  higher  salt-forming  oxide.  The  acid  oxides  give,  as  a  rule,  a  higher  value 
of  A,  while  in  the  case  of  the  strongly  alkaline  oxides  its  value  ia  usually  negative. 
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for  the  philosophical  interest  attached  in  chemistry  to  this  law.  Although 
but  a  recent  scientific  generalisation,  it  has  already  stood  the  test  of  laboratory 
verification,  and  appears  as  an  instrument  of  thought  which  has  not  yet  been 
compelled  to  undergo  modification  ;  but  it  needs  not  only  new  applications, 
but  also  improvements,  farther  development,  and  plenty  of  fresh  energy.  AU 
this  will  surely  come,  seeing  that  such  an  assembly  of  men  of  science  as  the 
Chemical  Society  of  Great  Britain  has  expressed  the  desire  to  have  the  his- 
tory of  the  periodic  law  described  in  a  lecture  dedicated  to  the  glorious  name 
of  Faraday. 
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APPENDIX  III 

ARGON,   A  NEW   CONSTITUENT   OF   THE  ATMOSPHERE 
Written  by  PEOFESSOB  MENDELEEFP   IN  FEBEUAEY  1895 

The  remarks  made  in  Chapter  V.,  Note  16  bis  respecting  the  newly  discovered 
constituent  of  the  atmosphere  are  here  supplemented  by  data  (taken  from 
the  publications  of  the  Royal  Society  of  London)  given  by  the  discoverers 
Lord  Eayleigh  and  Professor  Bamsay  in  January  1895,  together  with  obser- 
vations made  by  Crookes  and  Olszewsky  upon  the  same  subject. 

This  gas,  which  was  discovered  by  Eayleigh  and  Eamsay  in  atmo- 
spheric nitrogen,  was  named  argon  '  by  them,  and  upon  the  supposition  of 
its  being  an  element,  they  gave  it  the  symbol  A.  But  its  true  chemical 
nature  is  not  yet  fully  known,  for  not  only  has  no  compound  of  it  been  yet 
obtained,  but  it  has  not  even  been  brought  into  any  reaction.  From  all  that 
is  known  about  it  at  the  present  time,  we  may  conclude  with  the  discoverers 
that  argon  belongs  to  those  gases  which  are  permanent  constituents  of  the 
atmosphere,  and  that  it  is  a  new  element.  The  latter  statement,  however, 
requires  confirmation.  "We  shall  presently  see,  however,  that  the  negative 
chemical  character  of  argon  (its  incapacity  to  react  with  any  substance),  and 
the  small  amount  of  it  present  in  the  atmosphere  (about  Ij  per  cent,  by 
volume  in  the  nitrogen  of  air,  and  consequently  about  1  per  cent,  by  volume 
in  air),  as  well  as  the  recent  date  of  its  discovery  (1894)  and  the  difficulty 
of  its  preparation,  are  quite  sufficient  reasons  for  the  incompleteness  of  the 
existing  knowledge  respecting  this  element.  But  since,  so  far  as  is  yet  known, 
we   are   dealing    with    a   normal   constituent   of  the   atmosphere  ^  '■",   the 

'  Prom  the  Greek  Apyhv — inert. 

1  bis  jjj  Note  16  bis,  Chapter  V.,  I  mentioned  that,  judging  from  the  specific  gravity 
of  argon,  it  might  possibly  he  polymerised  nitrogen,  N3,  bearing  the  same  relationship  to 
nitrogen,  N2,  that  ozone,  O5,  bears  to  ordinary  oxygen.  If  this  idea  were  confirmed,  still 
one  would  not  imagine  that  argon  was  formed  from  the  atmospheric  nitrogen  by  those 
reactions  by  which  it  was  obtained  by  Eayleigli  and  Ramsay,  but  rather  that  it  arises 
from  the  nitrogen  of  the  atmosphere  under  natural  conditions.  Although  this  proposition 
is  not  quite  destroyed  by  the  more  recent  results,  still  it  is  contradicted  by  the  fact  that 
the  ratio  of  the  specific  heats  of  argon  was  found  to  be  1"66,  which,  as  far  as  is  now  known, 
could  not  be  the  case  for  a  gas  containing  3  atoms  in  its  molecule,  since  such  gases  [see 
Chapter  XIV.,  Note  7)  give  the  ratio  approximately  I'S  (for  example,  COj).  In  abstain- 
ing from  further  conclusions,  for  they  must  inevitably  be  purely  conjectural,  I  consider 
it  advisable  to  suggest  that  in  conducting  further  researches  upon  argon  it  might  be  well 
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existing  data,  notwithstanding  their  insufficiently  definite  nature,  should 
find  a  place  even  in  such  an  elementary  work  as  the  present,  all  the  more  as 
the  names  of  Eayleigh,  Bamsay,  Crookes  and  Olszewsky,  who  have  worked 
upon  argon,  are  among  the  highest  in  our  science,  and  their  researches  among 
the  most  difiicult.-  These  researches,  moreover,  were  directed  straight  to 
the  goal,  which  was  only  partly  reached  owing  to  the  unusual  properties  of 
argon  itself. 

When  it  became  known  (Chapter  V.,  Note  4  bis)  that  the  nitrogen  obtained 
from  air  (by  removing  the  oxygen,  moisture  and  CO.,  by  various  reagents) 
has  a  greater  density  than  that  obtained  from  the  various  (oxygen,  hydrogen 
and  metallic)  compounds  of  nitrogen,  it  was  a  plausible  explanation  that  the 
latter  contained  an  admixture  of  hydrogen,  or  of  some  other  hght  gas  lower- 
ing the  density  of  the  mixtm-e.  But  such  an  assumption  is  refuted  not  only 
b}'  the  fact  that  the  nitrogen  obtained  from  its  various  compounds  (after 
purification)  has  always  the  same  density  (although  the  supposed  impurities 
mixed  with  it  should  vary),  but  also  by  Bayleigh  and  Eamsay's  experiment 
of  artificially  adding  hydrogen  to  nitrogen,  and  then  passing  the  mixture  over 
red-hot  oxide  of  copper,  when  it  was  found  that  the  nitrogen  regained  its 
original  density,  i.e.  that  the  whole  of  the  hydrogen  was  removed  by  this 
treatment.  Therefore  the  difl'erence  in  the  density  of  the  two  varieties  of 
nitrogen  had  to  be  explained  by  the  presence  of  a  heavier  gas  in  admixture 
with  the  nitrogen  obtained  from  the  atmosphere.  This  hypothesis  was  con- 
firmed by  the  fact  that  Eayleigh  and  Bamsay  having  obtained  purified  nitrogen 
(by  removing  the  0„,  CO.,  and  H.,0),  both  from  ordinary  air  and  from  air 
which  had  been  previously  subjected  to  atmolysis,  that  is  which  had  been 
passed  through  porous  tubes  (of  burnt  clay,  e.g.  pipe-stem),  surrounded  by  a 
rarefied  space,  and  so  deprived  of  its  lighter  constitiients  (chiefly  nitrogen), 
found  that  the  nitrogen  from  the  afr  which  had  been  subjected  to  atmolysis 
was  heavier  than  that  obtained  fi-om  air  which  had  not  been  so  treated.  This 
experiment  showed  that  the  nitrogen  of  air  contains  an  admixtiure  of  a  gas 
which,  being  heavier  than  nitrogen  itself,''  diffuses  more  slowly  than  nitrogen 

to  subject  it  to  as  high  »t  temperature  as  possible.  Aud  the  possibility  of  nitrogen 
polymerising  is  all  the  more  admissible  from  the  fact  that  the  aggregation  of  its  atoms 
in  the  molecule  is  not  at  all  unlikely,  aud  that  polymerised  nitrogen,  judging  from  many 
examples,  might  be  inert  if  the  polymerisation  were  accompanied  by  the  evolution  of 
heat.  In  the  following  footnotes  X  frequently  return  to  this  hypothesis,  not  only  because 
I  have  not  yet  met  any  facts  definitely  coutradictoi*y  to  it,  but  also  because  the  chief 
properties  of  argou  agree  with  it  to  a  certain  extent.    ■ 

-  The  chief  difficulty  in  investigating  argon  lies  in  the  fact  that  its  preparation  requires 
the  employment  of  a  large  quantity  of  air,  which  has  to  be  treated  with  a  number  of 
diiierent  reagents,  whose  perfect  purity  (especially  that  of  magnesium)  will  always  be 
doubtful,  and  argon  has'inot  yet  been  transferred  to  a  substance  in  which  it  could  be  easily 
purified.  Perhaps  the  considerable  solubility  of  argou  in  water  (or  in  other  suitable 
liquids,  which  have  not  apparently  yet  been  tried)  may  give  the  means  of  doing  so,  and  it 
may  be  possible,  by  collecting  the  air  expelled  from  boiling  water,  to  obtain  a  richer  som'ce 
of  argon  than  ordinary  air. 

^  It  might  also  be  supposed  that  this  heavy  gas  is  separated  by  the  copper  when  the 
latter  absorbs  the  oxygen  of  the  air;  but  such  a  supposition  is  not  only  improbable  in 
itself,  but  does  not  agree  with  the  fact  that  nitrogen  may  be  obtained  from  air  by  absorb- 
ing the  oxygen  by  various  other  substances  in  solution  (for  instance,  by  the  lower  oxides 
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through  the  porous  material.  It  remained,  therefore,  to  separate  this  im- 
purity from  the  nitrogen.  To  do  this  Eayleigh  and  Eamsay  adopted  two 
methods,  converting  the  nitrogen  into  solid  and  liquid  substances,  either 
by  absorbing  the  nitrogen  by  heated  magnesium  (Chapter  V.,  Note  6,  and 
Chapter  XIV.,  Note  14),  with  the  formation  of  nitride  of  magnesium,  or  else 
by  converting  it  into  nitric  acid  by  the  action  of  electric  sparks  or  the  presence 
of  an  excess  of  air  and  alkali,  as  in  Cavendish's  method.'  "*  In  both  cases 
the  nitrogen  entered  into  reaction,  while  the  heavier  gas  mixed  with  it 
remained  inert,  and  was  thus  able  to  be  isolated.  That  is,  the  argon  could  be 
separated  by  these  means  from  the  excess  of  atmospheric  nitrogen  accom- 
panying it.*  As  an  illustration  we  will  describe  how  argon  was  obtained 
from  the  atmospheric  nitrogen  by  means  of  magnesium.'  To  begin  with, 
it  was  discovered  that  when  atmospheric  nitrogen  was  passed  through  a  tube 
containing  metallic  magnesium  heated  to  redness,  its  specific  gravity  rose  to 
14'88.  As  this  showed  that  part  of  the  gas  was  absorbed  by  the  magnesium, 
a  mercury  gasometer  filled  with  atmospheric  nitrogen  was  taken,  and  the 
gas  drawn  over  soda-lime,  PoOj,  heated  magnesium "  and  then  through 
tubes  containing  red-hot  copper  oxide,  soda-lime  and  phosphoric  anhydride 
to  a  second  mercury  gasometer.  Every  time  the  gas  was  repassed  through 
the  tubes,  it  decreased  in  volume  and  increased  in  density.     After  repeating 

of  the  metals,  like  FeO)  besides  red-hot  copper,  and  that  the  nitrogen  obtained  is  always 
just  as  heavy.  Besides  which,  nitrogen  is  also  set  free  from  its  oxides' by  copper,  and  the 
nitrogen  thus  obtained  is  lighter.  Therefore  it  is  not  the  copper  which  produces  the 
heavy  gas — i.e.  argon. 

3  ^*3  It  is  worthy  of  note  that  Cavendish  obtained  a  small  residue  of  gas  in  con- 
verting nitrogen  into  nitric  acid ;  but  he  paid  no  attention  to  it,  although  probably  he 
had  in  his  hands  the  very  argon  recently  discovered. 

*  When  in  these  experiments,  instead  of  atmospheric  nitrogen  the  gas  obtained  from 
its  compound  was  taken,  an  inert  residue  of  a  heavy  gas,  having  the  properties  of  argon, 
was  also  remarked,  but  its  amount  was  very  small.  Bayleigh  and  Bamsay  ascribe  the 
formation  of  this  residue  to  tlie  fact  that  the  gas  in  these  experiments  was  collected  over 
water,  and  a  portion  of  the  dissolved  argon  in  it  might  have  passed  into  the  nitrogen.  As 
the  authors  of  this  supposition  did  not  prove  it  by  any  special  experiments,  it  forms  a 
weak  point  in  their  classical  research.  If  it  be  admitted  that  argon  is  N3,  the  fact  of  its 
being  obtained  from  the  nitrogen  of  compounds  might  be  explained  by  the  polymerisation 
of  a  portion  of  the  nitrogen  in  the  act  of  reaction,  although  it  is  impossible  to  refute 
Eayleigh  and  Eamsay's  hypothesis  of  its  being  evolved  from  the  water  employed  in  the 
manipulation  of  the  gases.  Three  thousand  volumes  of  nitrogen  extracted  from  its 
compounds  gave  about  three  volumes  of  argon,  while  thirty  volumes  were  yielded  by  the 
same  amount  of  atmospheric  nitrogen. 

*  The  preparation  of  argon  by  the  conversion  of  nitrogen  into  nitric  acid  is  complicated 
by  the  necessity  of  adding  a  large  proportion  of  oxygen  and  alkali,  of  passing  an  electric 
discharge  through  the  mixture  for  a  long  period,  and  then  removing  the  remaining 
oxygen.  All  this  was  repeatedly  done  by  the  authors,  but  this  method  is  far  more 
complex,  both  in  practice  and  theory,  than  the  preparation  of  argon  by  means  of 
magnesium.  From  100  volumes  of  air  subjected  to  conversion  into  HNO^,  076  volume 
of  argon  were  obtained  after  absorbing  the  excess  of  oxygen. 

6  In  these  and  the  following  experiments  the  magnesium  was  placed  in  an  ordinary 
hard  glass  tube,  and  heated  in  a  gas  furnace  to  a  temperature  almost  sufficient  to  soften 
the  glass.  The  current  of  gas  must  be  very  slow  (a  tube  containing  a  small  quantity  of 
sulphuric  acid  served  as  a  meter),  as  otherwise  the  heat  evolved  in  the  formation  of  the 
MgjNa  (Chapter  XIV.,  Note  14)  will  melt  the  tube. 
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this  for  ten  days  1,500  c.c.  of  gas  were  reduced  to  200  cc,  and  the  density 
increased  to  16-1  (if  that  of  H„  =  1  and  N,  =  14).  Further  treatment  of  the 
remainder  brought  the  density  up  to  19-09.  After  adding  a  small  quantity 
of  oxygen  and  repassing  the  gas  through  the  apparatus,  the  density  rose  to 
20'0.  To  obtain  argon  by  this  process  Ramsay  and  Rayleigh  (employing  a 
mercury  air  pump  and  mercury  gasometers)  once  treated  about  150  litres  of 
atmospheric  nitrogen.  On  another  occasion  they  treated  7,925  c.c.  of  air  by 
the  oxidation  method  and  obtained  65  c.c.  of  argon,  which  corresponds  to 
0'82  per  cent.  The  density  of  the  argon  obtained  by  this  means  was  nearly 
19'7,  while  that  obtained  by  the  magnesium  method  varied  between  19'09 
and  20-38. 

Thus  the  first  positive  and  very  important  fact  respecting  argon  is  that 
its  specific  gravity  is  nearly  20 — that  is,  that  it  is  20  times  heavier  than 
hydrogen,  while  nitrogen  is  only  14  times  and  oxygen  16  times  heavier  than 
hydrogen.  This  explains  the  difference  observed  by  Rayleigh  between  the 
densities  of  nitrogen  obtained  from  its  compounds  and  from  the  atmosphere 
(Chapter  V.,  Note  4  bis).  At  0°  and  760  mm.  a  litre  of  the  former  gas  weighs 
1-2505  grm.,  while  a  litre  of  the  latter  weighs  1-2572,  or  taking  H  =  1,  the 
density  of  the  first  =  13-916,  and  of  the  latter  =  13-991.  If  the  density  of 
argon  be  taken  as  20,  it  is  contained  in  atmospheric  nitrogen  to  the  extent  of 
about  1-23  per  cent,  by  volume,  whilst  air  contains  about  0-97  per  cent,  by 
volume. 

When  argon  had  been  isolated  the  question  naturally  arose,  was  it  a  new 
homogeneous  substance  having  definite  properties  or  was  it  a  mixture  of 
gases  ?  The  former  may  now  be  positively  asserted,  namely,  that  argon  is  a 
peculiar  gas  previously  unknown  to  chemistry.  Such  a  conviction  is  in  the 
first  place  established  by  the  fact  that  argon  has  a  greater  number  of  nega- 
tive properties,  a  smaller  capacity  for  reaction,  than  any  other  simple  or 
compoimd  body  known.  The  most  inert  gas  known  is  nitrogen,  but  argon 
far  exceeds  it  in  this  respect.  Thus  nitrogen  is  absorbed  at  a  red  heat  by  many 
metals,  with  the  formation  of  nitrides,  while  argon,  as  is  seen  in  the  mode 
of  its  preparation  and  by  direct  experiment,  does  not  possess  this  property. 
Nitrogen,  under  the  action  of  electric  sparks,  combines  vnth  hydrogen  in  the 
presence  of  acids  and  with  oxygen  in  the  presence  of  alkalis,  while  argon  is 
unable  to  do  so,  as  is  seen  from  the  method  of  separation  from  nitrogen. 
Rayleigh  and  Ramsay  also  proved  that  argon  is  unable  to  react  with  chlorine 
(dry  or  moist)  either  directly  or  under  the  action  of  an  electric  discharge,  or 
with  phosphorus  or  sulphur,  at  a  red  heat.  Sodium,  potassium,  and  tellurium 
may  be  distilled  in  an  atmosphere  of  argon  without  change.  Fused  caustic 
soda,  incandescent  soda-lime,  molten  nitre,  red-hot  peroxide  of  sodium, 
and  the  polysulphides  of  calcium  and  sodium  also  do  not  react  with  argon. 
Platininn  black  does  not  absorb  it,  and  spongy  platinum  is  unable  to  excite  its 
reaction  with  oxygen  or  chlorine.  Aqua  regia,  bromine  water,  and  a  mixture 
of  hydrochloric  acid  and  KMnO^  were  also  without  action  upon  argon.  Besides 
which  it  is  evident  from  the  method  of  its  preparation  that  it  is  not  acted  upon 
by  red-hot  oxide  of  copper.  AU  these  facts  exclude  any  possibility  of  argon  con- 
taining any  already  known  body,  and  prove  it  to  be  the  most  inert  of  aU  the 
gases  known.   But  besides  these  negative  points,  the  independency  of  argon  is 
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confirmed    by  four   observed    positive   properties   possessed  by  it,    which 
are  : — 

1.  The  spectrum  of  argon  observed  by  Crookes  under  a  low  pressure  (in 
Geissler-Plucker  tubes)  distmguishes  it  from  other  gases.'  It  was  proved 
by  this  means  that  the  argon  obtained  by  means  of  magnesium  is  identical 
with  that  which  remains  after  the  conversion  of  the  atmospheric  nitrogen 
into  nitric  acid.  Like  nitrogen,  argon  presents  two  spectra  produced  at 
different  potentials  of  the  induced  current,  one  being  orange-red,  the  other 
steel-blue;  the  latter  is  obtained  under, a  higher  degree  of  rarefaction  and 
with  a  battery  of  Leyden  jars.  Both  the  spectra  of  argon  (in  contradistinction 
to  those  of  nitrogen)  are  distinguished  by  clearly  defined  lines."  The  red 
(ordinary)  spectrum  of  argon  has  two  particularly  brilliant  and  characteristic 
red  lines  (not  far  from  the  bright  red  line  of  lithium,  on  the  opposite  side  to 
the  orange  band)  having  wave-lengths  705-64  and  696-56  (see  Vol.  I., 
p.  565).  Between  these  bright  lines  there  are  in  addition  lines  with  wave 
lengths  603-8,  565-1,  561-0,  555-7,  518-58,  516-5,  450-95,  420-10,  415-95  and 
394-85.  Altogether  80  lines  have  been  observed  in  this  spectrum  and  119  in 
the  blue  spectrum,  of  which  26  are  common  to  both  spectra.^ 

2.  According  to  Rayleigh  and  Eamsay  the  solubility  of  argon  in  water 
is  approximately  4  volumes  in  100  volumes  of  water  at  13°.  Thus  argon 
is  nearly  2J  times  more  soluble  than  nitrogen,  and  its  solubility  ap- 
proaches that  of  oxygen.  Direct  experiment  proves  that  nitrogen  obtained 
from  air  firom  boiled  water  is  heavier  than  that  obtained  straight  from  the 
atmosphere.  This  again  is  an  indirect  proof  of  the  presence  of  argon  in 
air. 

3.  The  ratio  Tc  of  the  two  specific  heats  (at  a  constant  pressure  and  at 

S  The  greatest  brilliancy  of  the  spectrum  of  argou  is  obtained  at  a  tension  of  3  mm., 
while  for  nitrogen  it  is  about  75  mm.  (Crookes).  In  ChaxDter  Y.,  Note  16  bis,  it  is  said 
that  the  same  blue  line  observed  in  the  spectrum  of  argon  is  also  observed  in  the  spectrum 
of  nitrogen.  This  is  a  mistake,  since  there  is  no  coincidence  between  the  blue  lines  of 
the  argon  and  nitrogen  spectra.  However,  we  may  add  that  for  nitrogen  the  following 
moderately  bright  lines  are  known  of  wave-lengths  585,  574,  544,  516,  457,  '442,  436,  and 
426,  which  sire  repeated  in  the  spectra  (red  and  blue)  of  argon,  judging  by  Crookes' 
researches  (1895) ;  but  it  is  naturally  impossible  to  assert  that  there  is  perfect  identity 
until  some  special  comparative  work  has  been  done  in  this  subject,  which  is  very  desirable, 
and  more  especially  for  the  bluish-violet  portion  of  the  spectrum,  more  particularly 
between  the  lines  442-436,  as  these  lines  are  distinguished  by  their  brilliancy  in  both  the 
argon  and  nitrogen  spectra.  The  above-mentioned  supposition  of  argon  being  polymerised 
nitrogen  (Ng),  formed  from  nitrogen  (Ng),  with  the  evolution  of  heat,  might  find  some 
support  should  .  it  be  found  after  careful  comparison  that  even  z.  limited  number  of 
spectral  lines  coincided. 

^  At  first  the  spectrum  of  argon  exhibits  the  nitrogen  lines,  but  after  a  certain  time 
these  lines  disappear  (under  the  influence  of  the  platinum,  and  also  of  Al  and  Mg,  but 
with  the  latter  the  spectrum  of  hydrogen  appears)  and  leave  a  pure  argon  spectrum.  It 
does  not  appear  clear  to  me  whether  a  polymerisation  here  takes  place  or  a  simple 
absorption.  Perhaps  the  elucidation  of  this  question  would  prove  important  in  the 
history  of  argon.  It  would  be  desirable  to  know,  for  instance,  whether  the  volume  of 
argon  changes  when  it  is  first  subjected  to  the  action  of  the  electric  discharge. 

'  Crookes  supposes  that  argon  contains  a  mixture  of  two  gases,  but  as  he  gives  no 
reasons  for. this,  beyond  certain  peculiarities  of  a  spectroscopic  character,  we  will  not 
consider  this  hypothesis  further. 
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a  constant  volume)  of  argon  was  determined  by  Eayleigh  and  Eamsay  by  the 
method  of  the  velocity  of  sound  {see  Chapter  XIV.,  Note  7  and  Chapter  VII., 
Note  26)  and  was  found  to  be  nearly  1-66,  that  is  greater  than  for  those  gases 
whose  molecules  contain  two  atoms  (for  instance,  C0,H„,N2,  air,  &c.,  for 
which  h  is  nearly  1'4)  or  those  whose  molecules  contain  three  atoms  (for 
instance,  COojN^O,  &c.,  for  which  h  is  about  1'3),  but  closely  approximate 
to  the  ratio  of  the  specific  heats  of  mercury  vapour  (Kundt  and  Warburg, 
I-  =  1'67).  And  as  the  molecule  of  mercury  vapour  contains  one  atom,  so  it 
may  be  said  that  argon  is  a  simple  gaseous  body  whose  molecule  contains 
one  atom.'"  A  compound  body  should  give  a  smaller  ratio.  The  experi- 
ments upon  the  liquefaction  of  argon,  which  we  shall  presently  describe,  speak 
against  the  supposition  that  argon  is  a  mixture  of  two  gases.  The  import- 
ance of  the  results  in  question  makes  one  wish  that  the  determinations  of  the 
ratio  of  the  specific  heats  (and  other  physical  properties)  might  be  confirmed 
with  all  possible  accuracy."  If  we  admit,  as  we  are  obliged  to  do  for  the 
present,  that  argon  is  a  new  element,  its  density  shows  that  its  atomic  weight 
must  be  nearly  40,  that  is,  near  to  that  of  K  =  39  and  Ca  =  40,  which  does 
not  correspond  to  the  existing  data  respecting  the  periodicity  of  the-properties 

10  This  portion  of  Eayleigh  and  Ramsay's  researches  deserves  particular  attention  as, 
so  far,  no  gaseous  substance  is  known  whose  molecule  contains  but  one  atom.  Were  it 
not  for  the  above  determinations,  it  might  be  thought  that  argon,  having  a  density  20, 
has  a  complex  molecule,  and  may  be  a  compound  or  polymerised  body,  for  instance,  Nj 
or  NX,,,  or  in  general  Xn ;  but  as  the  matter  stands,  it  can  only  be  said  that  either  (1) 
argon  is  a  new,  peculiar,  and  quite  unusual  elementary  substance,  since  there  is  no 
reason  for  assuming  it  to  contain  two  simple  gases,  or  (2)  the  magnitude,  k  (the  ratio  of 
the  specific  heats)  does  not  only  depend  upon  the  number  of  atoms  contained  in  the 
molecules,  but  also  upon  the  store  of  internal  energy  (internal  motion  of  the  atoms  in 
the  molecule).  Should  the  latter  be  admitted,  it  would  follow  that  the  molecules  of  very 
active  gaseous  elements  would  correspond  to  a  smaller  ^  than  those  of  other  gases  having 
an  equal  number  of  atoms  in  their  molecule.  Such  a  gas  is  chlorine,  for  wliich  A  =  1*83 
(Chapter  XIV.,  Note  7).  For  gases  having  a  small  chemical  energy,  on  the  contrary,  a 
larger  magnitude  would  be  expected  for  k.  I  think  these  questions  might  be  partially 
settled  by  determining  k  for  ozone  (O3)  and  sulphur  (Sg)  (at  about  500°).  In  other  words, 
I  would  suggest,  though  only  provisionally,  that  the  magnitude,  ^  =  1'6,  obtained  for 
argon  might  prove  to  agree  with  the  hypothesis  that  argon  is  N3,  formed  from  Nj  with 
the  evolution  of  heat  or  loss  of  energy.  Here  argon  gives  rise  to  questions  of  primary 
importance,  and  it  is  to  be  hoped  that  further  research  will  throw  some  light  upon  them. 
In  making  these  remarks,  I  only  wish  to  clear  the  road  for  further  progress  in  the  study 
of  argon,  and  of  the  questions  depending  on  li.  I  may  also  remark  that  if  argon  is  Nj 
formed  with  the  evolution  of  heat,  its  conversion  into  nitrogen,  N2,  and  into  nitride 
compounds  (for  instance,  boron  nitride  or  nitride  of  titanium)  might  only  take  place  at  a 
very  high  temperature. 

11  Without  having  the  slightest  reason  for  doubting  the  accuracy  of  Eayleigh  and 
Eamsay's  determinations,  I  think  it  necessary  to  say  that  as  yet  (February  1895)  I  am 
only  acquainted  with  the  short  memoir  of  the  above  chemists  in  the  '  Proceedings  of  the 
Eoyal  Society,'  which  does  not  give  any  description  of  the  methods  employed  and  results 
obtaiKed,  while  at  the  end  (in  the  general  conclusions)  the  authors  themselves  express 
some  doubt  as  to  the  simple  nature  of  argon.  Moreover,  it  seems  to  me  that  (Note  10) 
there  must  be  a  dependence  of  k  upon  the  chemical  energy.  Besides  which,  it  is  not 
clear  what  density  of  the  gas  Eayleigh  and  Ramsay  took  in  determining  k.  (If  argon  be 
N3,  its  density  would  be  near  to  21.)  Hence  I  permit  myself  to  express  some  doubt  as'to 
whether  the  molecule  of  argon  contains  but  one  atom. 
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of  the  elements  in  dependence  upon  their  atomic  weights,  for  there  is  no 
reason  on  the  basis  of  existing  data  for  admitting  any  intermediate  elements 
between  CI  =  35'5  and  K  =  39,  and  all  the  positions  above  potassium  in  the 
periodic  system  are  occupied.  This  renders  it  very  desirable  that  the  velocity 
of  sound  in  argon  should  be  re-determined.^^ 

4.  Argon  was  liquefied  by  Professor  Olszewsky,  who  is  well  known  for  his 
classical  researches  upon  liquefied  gases.  These  researches  have  an  especial 
interest   since  they  show  that  argon  exhibits   a   perfect   constancy   in   its 

12  If  it  should  be  found  that  Ic  for  argon  is  less  than  1-4,  or  that  h  is  dependent  upon 
the  chemical  energy,  it  would  be  possible  to  admit  that  the  molecule  of  argon  contains 
not  one,  but  several  atoms— for  instance,  either  Nj  (then  the  density  would  be  21,  which 
is  near  to  the  observed  density)  or  X,;,  if  X  stand  for  an  element  with  an  atomic  weight 
near  to  6-7.  No  elements  are  known  between  H  =  l  and  Li  =  7,  but  perhaps  they  may 
exist.  The  hypothesis  A  =  40  does  not  admit  argon  into  the  periodic  system.  If  the 
molecule  of  argon  be  taken  as  Aa — i.e.  the  atomic  weight  as  A  =  20— argon  apparently 
finds  a  place  in  Group  VIII.,  between  P  =  19  and  Na  =  23;  but  such  a  position  could  only 
be  justified  by  the  consideration  that  elements  of  small  atomic  weight  belong  to  the 
category  of  typical  elements  which  offer  many  peculiarities  in  their  properties,  as  is 
seen  on  comparing  N  with  the  other  elements  of  Group  V.,  or  0  with  those  of  Group  VI. 
Apart  from  this  there  appears  to  me  to  be  little  probability,  in  the  light  of  the  periodic 
law,  in  the  position  of  an  inert  substance  like  argon  in  Group  VIII.,  between  such  active 
elements  as  fluorine  and  sodium,  as  the  representatives  of  this  group  by  their  atomic 
weights  and  also  by  their  properties  show  distinct  transitions  from  the  elements  of  the 
last  groups  of  the  uneven  series  to  the  elements  of  the  first  groups  of  the  even  series— for 
instance. 

Group  VI.  VII.  Vni.  I.  II. 

Cr  Mn  Fe,Go,Ni  Cu  Zn 

While  if  we  place  argon  in  a  similar  manner, 

VI.  vn.  vni.  I.  II. 

0  =  16  F  =  19  A  =  20  Na  =  23  Mg  =  24 

although  from  a  numerical  point  of  view  there  is  a  similar  sequence  to  the  above,  still 
from  a  chemical  and  physical  point  of  view  the  result  is  quite  different,  as  there  is  no 
such  resemblance  between  the  properties  of  O,  F  and  Na,  Mg,  as  between  Cr,  Mn,  and 
Cu,  Zn.  I  repeat  that  only  the  typical  character  of  the  elements  with  small  atomic 
weights  can  justify  the  atomic  weight  A  =  20,  and  the  placing  of  argon  in  Group  VIII. 
amongst  the  typical  elements ;  then  N,  O,  F,  A  are  a  series  of  gases. 

It  appears  to  me  simpler  to  assume  that  argon  contains  Ng,  especially  as  argon  is 
present  in  nitrogen  and  accompanies  it,  and,  as  a  matter  of  fact,  none  of  the  observed 
properties  of  argon  are  contradictory  to  this  hypothesis. 

These  observations  were  written  by  me  in  the  beginning  of  February  1895,  and  on 
the  29th  of  that  month  I  received  a  letter,  dated  February  25,  from  Professor  Ramsay 
informing  me  that  'the  periodic  classification  entirely  corresponds  to  its  (argon's)  atomic 
weight,  and  that  it  even  gives  a  fresh  proof  of  the  periodic  law,'  judging  from  the 
researches  of  my  English  friends.  But  in  what  these  researches  consisted,  and  how  the 
above  agreement  between  the  atomic  weight  of  argon  and  the  periodic  system  was  arrived 
at,  is  not  referred  to  in  the  letter,  and  we  remain  in  expectation  of  a  first  publication  of 
the  work  of  Lord  Eayleigh  and  Professor  Ramsey.  [For  more  complete  information  see 
papers  read  before  the  Royal  Society,  January  31,  1895,  February  13,  March  10,  and 
May  21,  1896,  and  a  paper  published  in  the  Chemical  Society's  Transactions,  1895, 
p.  684.  For  abstracts  of  these  and  other  papers  on  argon  and  helium,  and  correspon- 
dence, see  '  Nature,'  1895  and  1896.] 
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properties  in-  the  liquid  and  critical  states,  which  almost "  disposes  of  the  sup- 
position that  it  contains  a  mixture  of  two  or  more  unknown  gases.  As  the 
first  experiments  showed,  argon  remains  a  gas  under  a  pressure  of  100 
atmospheres  and  at  a  temperature  of  —  90° ;  this  indicated  that  its  critical 
temperature  was  probably  below  this  temperature,  as  was  indeed  found  to 
be  the  case  when  the  temperature  was  lowered  to  —  128°'6  ^^  by  means  of 
liquid  ethylene.  At  this  temperature  argon  easily  liquefies  to  a  colourless 
liquid  under  38  atmospheres.     The  meniscus  begins  to  disappear  at  between 

^3  There  only  remains  the  very  remote  possibility  that  argon  consists  of  a  mixture  of 
two  gases  having  very  nearly  the  same  properties. 

I''  The  following  data,  given  by  Olszewsky,  supplement  the  data  given  in  Chapter  11., 
Note  29,  upon  liquefied  gases. 


CO 

(tc) 
-146° 
-139°-5 

(pc) 

35 

35-5 

t 
-194°-4 
-190° 

-214° 
-207 

s 
0-885 
? 

A 

-121° 

50-6 

-187° 

-189°-6 

1-5 

0, 

-118°-8 

50-8 

-182°-7 

? 

1-124 

NO 

-  93°-5 

71-2 

-153°'6 

-167° 

? 

CHj 

-   81°-8 

54-9 

-164° 

-158°-8 

0-415 

where  tc  is  the  absolute  (critical)  boiling  point,  pc  the  pressure  (critical)  in  atmospheres 
corresponding  to  it,  t  the  boiling  point  (under  a  pressure  of  760  mm,),  ti  the  melting  point, 
and  a  the  specific  gravity  in  a  liquid  state  at  t. 

The  above  shows  that  argon  in  its  properties  in  a  liquid  state  stands  near  to  oxygen 
(as  it  also  does  in  its  solubility),  but  that  all  the  temperatures  relating  to  it  (tc,  t,  and  tj) 
.are  higher  than  for  nitrogen.  This  fully  answers,  not  only  to  the  higher  density  of  argon, 
but  also  to  the  hypothesis  that  it  contains  Nj.  And  as  the  boiling  point  of  argon  differs 
from  that  of  nitrogen  and  oxygen  by  less  than  10°,  and  its  amount  is  small,  it  is  easy  to 
understand  how  Dewar  (1894),  who  tried  to  separate  it  from  liquid  air  and  nitrogen  by 
fractional  distillation,  was  unable  to  do  so,  The  first  and  last  portions  were  identical, 
and  nitrogen  from  air  showed  no  difference  in  its  liquefaction  from  that  obtained  from 
its  compounds,  or  from  that  which  had  been  passed  through  a  tube  containing  incandescent 
magnesium.  Still,  it  is  not  quite  clear  why  both  kinds  of  nitrogen,  after  being  passed 
over  the  magnesium  in  Dewar's  experiments,  exhibited  an  almost  similar  alteration  in 
their  properties,  independent  of  the  appearance  of  a  small  quantity  of  hydrogen  in  them. 

Concluding  Bemarhs  (March  31,  1895). — The  'Comptes  rendus'  of  the  Paris 
Academy  of  Sciences  of  March  18, 1895,  contains  a  memoir  by  Berthelot  upon  the  reaction 
of  argon  with  the  vapour  of  benzene  under  the  action  of  a  silent  discharge.  In  his  ex- 
periments, Berthelot  succeeded  in  treating  83  per  cent,  of  the  argon  taken  for  the 
purpose,  and  supplied  to  him  by  Ramsay  (37  c.c.  in  all).  The  composition  of  the  product 
could  not  be  determined  owing  to  the  small  amount  obtained,  but  in  its  outward 
appearance  it  quite  resembled  the  product  formed  under  similar  conditions  by  nitrogen. 
This  observation  of  the  famous  French  chemist  to  some  extent  supports  the  supposition 
that  argon  is  a  polymerised  variety  of  nitrogen  whose  molecule  contains  Nj,  while  ordinary 
nitrogen  contains  Ng.  Shoiild  this  supposition  be  eventually  verified,  the  interest  in 
argon  will  not  only  not  lessen,  but  become  greater.  For  this,  however,  we  must  wait  for 
further  observations  and  detailed  experimental  data  from  Eayleigh  and  Ramsay. 

The  latest  information  obtained  by  me  from  London  is  that  Professor  Ramsay,  by 
treating  cleveite  (containing  PbO,  UO3,  ^305,  &c,)  with  sulphuric  acid,  obtained  argon, 
and,  judging  by  the  spectrum,  heUum  also.  The  accumulation  of  similar  data  may,  after 
detailed  and  diversified  research,  considerably  increase  the  stock  of  chemical  knowledge 
which,  constantly  widening,  cannot  be  exhaustively  treated  in  these  'Principles  of 
Chemistry,'  although  very  probably  furnishing  fresh  proof  of  the  'periodicity  of  the 
elements.' 
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-  119°'8  and  -  121°-6,  mean  —  121°  at  a  pressure  of  50'6  atmospheres.  The 
vapour  tension  of  liquid  argon  at  —  128°'6,  is  38'0  atmospheres,  at  —  187° 
it  is  one  atmosphere,  and  at  —  189°'6  it  solidifies  to  a  colourless  substance 
like  ice.  The  specifio  gravity  of  liquid  argon  at  about  -  187°  is  nearly  1'5, 
which  is  far  above  that  of  other  liquefied  gases  of  very  low  absolute  boiling 
point. 

The  discovery  of  argon  is  one  of  the  most  remarkable  chemical  acquisi- 
tions of  recent  times,  and  we  trust  that  Lord  Eayleigh  and  Professor  Bamsay, 
who  made  this  wonderful  discovery,  will  further  elucidate  the  true  nature  of 
argon,  as  this  should  widen  the  fundamental  principles  of  chemistry,  to  which 
the  chemists  of  Great  Britain  have  from  early  times  made  such  valuable 
contributions.  It  would  be  premature  now  to  give  any  definite  opinions 
upon  so  new  a  subject.  Only  one  thing  can  be  said ;  argon  is  so  inert  that 
its  role  in  nature  cannot  be  considerable,  notwithstanding  its  presence  in  the 
atmosphere.  But  as  the  atmosphere  itself  plays  such  a  vast  part  in  the 
life  of  the  surface  of  the  earth,  every  addition  to  our  knowledge  of  its  compo- 
sition must  directly  or  indirectly  react  upon  the  sum  total  of  our  knowledge 
of  nature. 
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—  chamber,  i.  294 

—  chloric,  i.  482 

—  chloro-platino-phosphorous,  ii.  390 

—  chlorosulphonic,  ii.  268 

—  chlorous,  i.  481 

—  chromic,  i.  208  ;  ii.  282 

—  chromo-sulphuric,  ii.  288 

—  cyanic,  i.  409 

—  cyanuric,  i.  409 

—  dithionio,  ii.  256 

—  ferric,  ii.  344 

—  fluoboric,  ii.  69 

—  graphitic,  i.  351 

—  hydriodio,  i.  501,  503,  505,  506 

—  hydro-boro-fluoric,  ii.  69 

—  hydrobromic,  i.  80,  503,  505,  506 

—  hydrochloric,  i.  448,  451,  453 

—  hydrocyanic,  i.  406,  411 

—  hydro-ferro-cyanic,  ii.  348 

—  hydrofluoric,  i.  49 

—  hydrofluosilio,  ii.  106 
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—  hydro-rutheno-cyanic,  ii.  388 
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—  iodic,  i.  100,  508 

—  isethionic,  ii.  250 

—  metantimonio,  ii.  188 

—  metaphosphoric,  ii.  162,  169 

—  metastannic,  ii.  131 

—  molybdic,  ii.  292 

—  nitric,  i.  268,  272 

—  Nordhausen,  ii.  233 

—  orthophosphorie,  ii.  162 

—  osmie,  ii.  384 

—  pentathionic,  ii.  257 


Acid,  percarbouic,  i.  394 

—  perchloric,  i.  484 

—  periodic,  i.  510 

—  permanganic,  ii.  313 

—  permolybdic,  ii.  297 

—  pernitric,  i.  264 

—  persulphuric,  ii.  251 

—  pertungstic,  ii,  297 

—  phosphamic,  ii.  179 

—  phosphamolybdic,  ii.  293 

—  phosphorous,  ii.  171 

—  polysilicic,  ii.  117 

—  pyrophosphoric,  ii.  169 

—  pyrosulphuric,  ii.  234 

—  silenic,  ii.  272 

—  silico-tungstic,  ii.  295 

—  stannic,  ii.  130 

—  sulphonic,  ii.  249 

—  sulphuric,  i.  76,  77,  89,  111,  290,  294 ; 

ii.  235,  238,  241 

—  telluric,  ii.  272 

—  tetrathionie,  ii.  257 

—  thiocarbonic,  ii.  263 

—  thiooyanic,  ii.  263 

—  thionic,  ii.  255 

—  thiosulphurio,  ii.  230 

—  trithionic,  ii.  257 

—  tungstic,  ii.  292,  294 

—  vanadio,  ii.  196 
Acids,  i.  185 

—  avidity  of,  i.  389,  442 

—  basicity  of,  i.  387 

—  complex,  i.  197  ;  ii.  293 

—  fuming,  i.  102 

—  organic,  i.  394,  396,  405 
Acetylene,  i.  372 
Actinium,  ii.  59 

Affinity,  chemical,  i.  26,  389 
Air,  i.  131,  231,  233 
Alchemy,  i.  14 
Alcohol,  i.  53,  88 
AlkaU,  metals,  i.  658,  577 

—  waste,  ii.  204 
Alkalis,  i.  186 
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AUotropism,  i.  207 
Alloys,  ii.  128,  537 
Alumina,  ii.  75 
Aluminium,  ii.  70,  85 

—  bromide,  ii.  84 

—  bronze,  ii.  88 

—  carbide,  ii.  88 

—  chloride,  ii.  80,  83 

—  double  chlorides,  ii.  84 

—  fluoride,  ii.  83 

—  hydroxide,  ii.  75 

—  iodide,  ii.  85 

—  nitrate,  ii.  80 

—  sulphate,  ii.  82 
Alums,  ii.  5,  82,  343 
Alunite,  ii.  80 
Amalgams,  ii.  58 
Amides,  i.  258,  406 
Amidogen,  i.  258 

—  hydrate,  i.  258 
Amines,  i.  416 
Ammonia,  i.  229,  246 

—  of  crystallisation,  i.  257 

—  heat  of  solution  of,  i.  74 

—  in  air,  i.  240 

—  liquefaction  of,  i.  250 

—  salts,  i.  254 

—  soda  process,  i.  524 

—  solutions  of,  i.  80,  252 
Ammonium,  i.  254 

—  amalgam,  i.  255 

—  bicarbonate,  i.  527 

—  carbamate,  i.  407,  408 

—  carbonate,  i.  407 

—  cobalt  salts,  ii.  359 

—  dichromart;e,  ii.  279 

—  molybdate,  ii.  292 

—  nitrate,  i.  273,  274 

—  nitrite,  i.  284 

—  phosphates,  ii.  167 

—  sulphate,  ii.  269 

—  sulphide,  ii.  218 

Analogy  of  elements,  i.  573,  578 
Anthracite,  i.  345 
Antimoniuretted  hydrogen,  ii.  189 
Antimony,  ii.  186 

—  chlorides,  ii.  189 

—  oxides,  ii.  187,  188 

—  sulphides,  ii.  221 
Aqua  Eegia,  i.  467 
Aqueous  radicle,  i.  213 
Argon,  i.  226,  232  ;  App.  III. 
Arsenic,  ii.  179 

—  anhydride,  ii.  181 

—  sulphides,  ii.  221 

—  tribromide,  ii.  181 

—  trichloride,  ii.  180 

—  trifluoride,  ii.  181 
Arsenious  anhydride,  ii.  184 


Arsenious  oxychloride,  ii.  180 
Arsenites,  ii.  185 
Arseniuretted  hydrogen,  ii.  182 
Astrakhanite,  i.  59 
Atmolysis,  i.  156 
Atomic  theory,  i.  216 

—  volumes,  ii.  33 

—  weights,  i.  21 

Atoms  and  molecules,  i.  322 


Babidh,  i.  614,  617 

—  chlorate,  i.  488 

—  chloride,  i.  615 

—  hydroxide,  i.  616 

—  metatungstate,  ii.  295 

—  nitrate,  i.  615 

—  oxide,  i.  616 

—  peroxide,  i.  157,  160,  209,  617 

—  sulphate,  i.  614,  615 
Bauxite,  ii.  76 
Benzalazine,  i.  268 
BerthoUet's  doctrine,  i.  433 
Beryllium,  i.  618 

—  atomic  weight  of,  i.  325,  618 

—  chloride,  i.  584 

—  oxide,  i.  619 
Binary  theory,  i.  195 
Bismuth,  ii.  189 

—  nitrates,  ii.  192 

—  oxides,  ii.  190,  191 
Blast  furnace,  ii.  324 
Bleaching,  i.  469 

—  powder,  i.  162,  477 
Boiling  point,  absolute,  i.  130 
Borates,  ii.  63 

Borax,  ii.  61 

Boric  anhydride,  ii.  64 

Boron,  ii.  60,  66 

—  chloride,  ii.  69 

—  fluoride,  ii.  67,  68 

—  iodide,  ii.  70 

—  nitride,  i.  227  ;  ii._67 
oxide,  ii.  60 

—  specific  heat  of,  i.  585 

—  sulphide,  ii.  62 
Bromides,  ii.  32 
Bromine,  i.  494 
Bronze,  ii.  127 

Butyl  alcohol,  solubility  of,  i.  75 

Cadmium,  ii.  47 

—  iodide,  ii.  48 

—  oxide,  ii.  48 

—  sulphide,  ii.  47 
Cffisium,  i.  576 
Calcium,  i.  590,  604 

—  carbonate,  i.  592,  608,  609,  610 
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Calcium  chloride,  i.  237,  612 
crystallohydrates  of,  i.  613 

—  fluoride,  i.  491 

—  hypochlorite,  i.  162 

—  iodide,  i.  604 

—  peroxide,  i.  607 

—  phosphate,  ii.  167 

—  sulphate,  i.  611 

—  sulphide,  ii.  220 
Calomel,  ii.  54 
Carbamide,  i.  409 
Carbides,  i.  349,  353 
Carbon,  i.  338 

—  bisulphide,  ii.  258 

—  molecule  of,  i.  354 

—  oxysulphide,  ii.  264 

—  tetrachloride,  i.  473 
Carbonic  anhydride,  i.  379 

assimilation  of  by  plants,  i.  393 

dissociation  of,  i.  392,  393,  399 

in  air,  i.  288,  242 

liquid,  i.  385 

solutions  of,  i.  80,  86 

specific  heat  of,  i.  393 

Carbonic  oxide,  i.  396 

and  nickel,  i.  405 

Carborundum,  ii.  107 
Carboxyl,  i.  395 
Carnallite,  i.  421,  544,  560 
Catalytic  phenomena,  i.  211 
Caustic  potash,  i.  550 

—  soda,  i.  529 
Cements,  ii.  122 
Cerite  metals,  ii.  93 
Cerium,  ii.  93 

Chamber  crystals,  i.  290  ;  ii.  230 

Charcoal,  i.  343 

Chemical  change,  rate  of,  ii.  314 

—  transformations,  i.  3 
Chloranhydrides,  i.   468 ;  ii.  174,  175, 

177 
Chlorates,  i.  482 
Chlorides,  i.  455,  466  ;  ii.  31 
Chlorine,  i.  463 

—  compounds,  heat  of  formation  of,  i.  44 

—  crystallohydrates  of,  i.  464 

—  oxides,  i.  479 

—  preparation  of,  i.  460 

—  solubility  of,  i.  463 
Chloroform,  i.  473 
Chlorophosphamide,  ii.  179 
Chloryl  compounds,  i.  476 
Chrome  alum,  ii.  283 
Chromic  acid,  i.  208 

—  anhydride,  ii.  280 

—  oxide,  ii.  284,  285 
Chromium,  ii.  276,  289 

—  chlorides,  ii.  285 

—  fluorides,  ii.  280,  289 


Chromyl  chloride,  ii.  281 
Chryseone,  ii.  108 
Clay,  ii.  70 
Coal,  i.  345 
Cobalt,  ii.  353 

—  dioxide,  ii.  366 

—  fluoride,  ii.  358 
Cobaltamine  salts,  ii.  359 
Cobaltic  oxide,  ii.  362 
Cobalto-amine,  ii.  359 
Cobaltous  hydroxide,  ii.  358 
Cohesion  of  liquids,  i.  52 
Coke,  i.  345 

Collodion  cotton,  i.  275 
Colloids,  i.  63  ;  ii.  77,  423 
Combination,  chemical,  i.  3 
Combining  weights,  i.  21 ;  ii.  439 
Combustion,  imperfect,  i.  341 

—  heat  of,  i.  172,  176,  899,  400 
Compounds,  definite  and  indefinite,  i.  31 

—  types  of,  ii.  10 
Compressibility  of  solutions,  i.  88 
Conductivity,  electro-molecular,  i.  389 
Contact  reactions,  i.  163,  290 
Copper,  ii.  400 

—  carbonate,  ii.  411 

—  complex  salts  of,  ii.  412 

—  nitrate,  ii.  411 

—  nitride,  ii.  409 

—  sulphate,  ii.  413 
Corundum,  ii.  75 
Critical  points,  i.  141 
Cryohydrates,  i.  99 

Cryoscopic  investigations  of  solutions 

i.  90,  332 
Crystals,  i.  51 
Crystalline  form,  ii.  7 
Crystallo-hydrates,  i.  102 
Crystalloids,  i.  63 
Cupellation,  ii.  417 
Cyanides,  i.  406 
Cyanogen,  i.  406,  414 

—  chloride,  ii.  176 


Decomposition,  chemical,  i.  4 
Deliquescence,  i.  104 
Delta  metal,  ii.  414 
Desiccator,  i.  58 
Detonating  gas,  i.  115,  170,  173 
Depression  of  freezing  point  of  solu- 
tions, i.  90,  92,  330 
Dialysis,  i.  63  ;  ii.  114 
Diamond,  i.  850,  353 
Didymium,  ii.  93 
Diffusion,  rate  of,  i.  63''^ 
Dimorphism,  i.  610,  ii.  178 
Disinfectants,  i.  245 
Disodium  orthophosphate,  ii.  166 
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Dissociation,  i.  36,  282, 608 
Distillation,  dry,  i.  4,  247,  342 
Dust,  atmospheric,  i.  241 


ErrLOEESCENCE,  i.  103 
Elsacadmium,  ii.  59 
Bkasilicon,  ii.  25 
Electro-chemical  theory,  i.  195 
Electric  energy  and   thermal   units,   1. 

582 
Electrolysis,  i.  116 
Elements,  i.  20 

—  grouping  of,  ii.  1 

—  typical,  ii.  19 
Emulsions,  i.  98 
Energy,  chemical,  i.  29 
Equations,  chemical,  i.  278 
Equivalents,  law  of,  i.  194 
Equivalent  weights,  i.  581 
Ethane,  i.  366 

Ether,  critical  points  of,  i.  141 

Ethylene,  i.  370 

Ethyl  silicates,  1.  104 

Euchlorine,  i.  484 

Eudiometer,  i.  169 

Expansion,  linear,  of  elements,  ii.  31 

Explosion,  rate   of   transmission  of,  i. 

171 
Explosives,  i.  275,  276 


Felspae,  ii.  122 

Fermentation,  1.  242 

Ferric  chloride,  i.  558  ;  ii.  340 

—  hydrates,  ii.  339 

—  nitrate,  ii.  340 

—  orthophosphate,  ii.  342 

—  oxide,  ii.  339 
Ferrous  chloride,  ii.  385 

—  sulphate,  ii.  335 
solubility  of,  i.  72 

—  sulphide,  ii.  210 
Flame,  i.  177,  179 
Fluoborates,  ii.  69 
Fluorides,  i.  491,  493 
Fluorine,  i.  203,  489 
Fluorspar,  i.  491 

Formula,  chemical,  i.  151,  326 
Freezing  mixtures,  i.  76 
Fuel,  calorific  capacity  of,  i.  360 
Furnace,  electrical,  i.  352 
Fusco-cobaltic  salts,  ii.  360 


Gadolinite  metals,  ii.  93 
Gallium,  ii.  88,  90 
Gas,  illuminating,  i.  361 
—  producers,  i.  397 


Gases,  absorption  of,  i.  348  ^ 

—  diffusion  of,  i.  83 

—  expansion  of,  i.  133 

—  liquefaction  of,  i.  1,34,  1 35,  137 

—  measurement  of,  i.  78,  300 

—  solution  of,  i.  68,  78,  86 

—  theory  of,  i.  81,  83,  140 
Germanium,  ii.  26,  124 

—  chloride,  ii.  125 

—  oxide,  ii.  125 
.Glass,  i.  123 

—  soluble,  ii.  110 
Glauber's  salt,  i.  517 
Glycols,  ii.  117 
Gold,  ii.  442 

—  alloys,  i.  446,  447 

—  chlorides,  ii.  448,  450 

—  colloid,  ii.  447 

—  cyanide,  ii.  450 

—  extraction  of,  ii.  444,  445 

—  fulminating,  ii.  450 

—  oxides,  ii.  448 

—  refining,  ii.  446 
Graduators,  i.  424 
Graphite,  i.  350,  351 
Gros'  salt,  ii.  393 
Guignet's  green,  ii.  285 
Gunpowder,  i.  557 
Gypsum,  i.  593,  611 


Halogens,  i.  445,  487,  499 
Halogen  compounds,  heat  of  formation 
of,  i.  494,  502  ;  ii.  32 

boiling-points  of,  i.  502 

Hausmannite,  ii.  10 

Helium,  i.  570  ;  ii.  498 

Hemiraorphism,  ii.  9 

Homeomorphism,  ii.  8 

Homologous  compounds,  i.  358 

Humus,  i.  344 

Hydrates,  i.  109,  185 

Hydrazine,  i.  258 

Hydrides,  i.  621 ;  ii.  23 

Hydrocarbons,  i.  855,  359 

Hydrogen,  i.  123, 129, 130, 142, 143, 14ft 

—  pentasulphide,  ii.  217 
— peroxide,  i.  207,  312 
Hydrosols,  i.  98 
Hydroxyl,  i.  192,  213 
Hydroxylamine,  i.  262 
Hypochlorites,  i.  481 
Hyponitrites,  i.  294 

IsiiDES,  i.  258 
Indium,  ii.  27,  37,  88,  97 
lodates,  i.  509 
Iodides,  ii.  32 

—  of  nitrogen,  i.  507 
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Iodine,  i.  320,  321,  496,  497,  498 

—  chlorides  of,  i.  511 
lodosobenzol,  i.  508 
Iridious  oxide,  ii.  382 
Iridium,  ii.  382 
Iron,  ii.  317,  322,  585 

—  and  carbonic  oxide,  ii.  345 
--  cast,  ii.  325 

—  nitride,  ii.  346 

—  ores,  319 

—  sulphate,  ii.  335 
Isethionic  acid,  ii.  250 
Isomorphism,  i.  203,  368  ;  ii.  1,  4, 


Kaolin,  ii.  70 


Lakes,  ii.  77 

Lanthanum,  ii.  93 

Laughing  gas,  ii.  297 

Law  of  Avogadro-Gerhardt,  i.  309 

Berthollet,  i.  445 

Boyle  and  Mariotte,  i.  132 

combining  weights,  i.  221 

Dulong  and  Petit,  i.  584 

equivalents,  i.  1  94 

even  numbers,  i.  357 

Gay  Lussac,  i.  133,  304,  307 

Guldberg  and  Waage,  i.  441 

Henry  and  Dalton,  i.  78 

indestructibility  of  matter,  i.  6 

Kirchoff,  i.  568 

limits,  i.  357 

maximum  work,  i.  120 

multiple  proportions,  i.  109,  214 

partial  pressures,  i.  82 

periodic,  ii.  17 

phases,  ii.  410 

reversed  spectra,  i.  568 

specific  heats,  i.  584 

substitution,  i.  260,  365 

volumes,  i.  304 

Lead,  ii.  134 

—  acetate,  ii.  137 

—  carbonate,  ii.  140 

—  chloride,  ii.  139 

—  chromate,  ii.  136,  279 

—  dioxide,  ii.  142 

—  nitrate,  ii.  139 

—  oxide,  ii.  137 

—  red,  ii.  142 

—  salts  of,  i.  491 

—  tetrachloride,  ii.  144 

—  tetratiuoride,  ii.  144 

—  white,  ii.  140 
Leucone,  ii.  107 
Levigation,  ii.  72 

Light,  chemical  action  of,  i.  465 


Lime,  i.  605 

Liquids,  boiling  points  of,  i.  135 

Lithium,  i.  574 

—  carbonate,  i.  575 

Litharge,  ii.  137 

Litmus,  i.  185 

Lixiviation,  methodical,  i.  521 

Luteo-cobaltio  salts,  ii.  359 


Magnus'  salt,  ii.  392 
Magnesia,  i.  597 
Magnesium,  i.  590,  594 

—  carbonate,  i.  592,  602 

—  chloride,  i.  602 

—  crystallohydrates  of,  i.  601 

—  double  salts  of,  i.  597 

—  nitride,  i.  595 

—  silicide,  ii.  102 

—  sulphate,  i.  600 
Manganese,  ii.  303 

—  nitrides,  ii.  310 

—  oxides,  ii.  306,  307,  308,  313 

—  peroxide,  i.  159  ;  ii.  305 

—  sulphate,  ii.  307 

Mass,  influence  of,  i.  32,  436 
jratches,  ii.  154 
Matter,  primary,  ii.  440 

—  transmutability  of,  i.  14 
Mercury,  ii.  48 

—  ammonia  compounds,  ii.  57 

—  basic  salts  of,  ii.  54 

—  chlorides,  ii.  52,  53,  54 

—  compounds,  heat  of  formation,  ii.  50 

—  cyanide,  ii.  55 

—  fulminating,  ii.  56 

—  iodide,  ii.  55 

—  nitrates,  ii.  51 

—  nitrides,  ii.  56 

—  oxides,  ii.  53 

—  sulphate,  ii.  57 

—  sulphides,  ii.  221 
Metalepsis,  i.  28,  471 
Metalloids,  i.  23 
Metals,  i.  23 

of  alkaline  earths,  i.  64,  590,  591 

of  alkalis,  i.  543 

displacement  of,  ii.  427 
Methane,  i.  360 

Moisture,  determination  of,  in  gases,  i 
40 

influence  upon  reaction,  i.  403 
Molecular  volumes,  ii.  37 

—  weight  and  boiling  point,  i.  331 

coefficient  of  refraction,  i.  336 

latent  heat,  i.  329 

—  specific  gravity  of  solutions,  i 

335 
surface  tension,  i.  334 
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Molecules,  i.  319,  322 
Molybdates,  ii.  292 
Molybdenum,  ii.  290 

—  anhydride,  ii.  291 

—  fluo-compounds,  ii.  298 

—  sulphides,  ii.  297 
Monophosphamide,  ii.  178 
Monosodium  orthophosphate,  ii.  167 
Morphotropy,  ii.  10 

Naphtha,  i.  378,  377 
Nascent  state,  i.  33,  145,  146 
Neodymium,  ii.  97 
Nickel,  ii.  353 

—  alloys,  ii.  367 

—  and  carbonic  oxide,  ii.  367 

—  iiuoride,  ii.  358 

—  hydroxide,  ii.  358 

—  oxide,  ii.  365 

—  sulphate,  i.  97  ;  ii.  359 

—  tetra-carboxyl,  ii.  367 
Niobium,  ii.  194,  198,  199 
Nitrates,  i.  273 

Nitres,  i.  268,  555 
Nitric  anhydride,  i.  280 

—  oxide,  i.  286 
Nitrides,  i.  227,  258,  620 
Nitriles,  i.  406 
Nitrites,  i.  284 
Nitro-cellulose,  i.  275 
Nitro-compounds,  i.  274 
Nitrogen,  i.  223,  225,  475 

—  chloride,  i.  476 

—  iodide,  i.  507 

—  oxides  of,  i.  267,  280,  284,  294,  295 

—  sulphide,  ii.  270 
Nitro-prussides,  ii.  851 
Nitroso-compounds,  i.  288 
Nitrosulphates,  ii.  229 
Nitrosyl  chloride,  ii.  176 
Norwegium,  ii.  59 

Occlusion,  i.  143 
Oleflant  gas,  i.  370 
Organo-metallic  compounds,  i.  356 
Osmium,  ii.  372,  382,  884 
Osmotic  pressure,  i.  64 
Osmuridium,  ii.  383 
Oxamide,  i.  406 
Oxidation,  i.  16 
Oxides,  i.  183  ;  ii.  36 
Oxycobaltamine  salts,  ii.  359 
Oxygen,  i.  152,  157,  158,  163 

—  compounds,  heat  of  formation  of,  i. 

120,  466 
Ozone,  i.  198,  229 

Palladium,  ii.  869 

—  hydride,  i.  148  ;  ii.  880 


Palladous  chloride,  ii.  379 

—  iodide,  ii.  379 
Paraoyanogen,  i.  414 
Paramorphism,  ii.  9 
Parasulphatammon,  ii.  269 
Peat,  i.  844 

Peligot's  salt,  ii.  281 
Percentage  composition,  i.  826 
Perchloric  anhydride,  ii.  282 
Periodates,  i.  510 
Permanganic  anhydride,  ii.  313 
Permolybdates,  ii.  297 
Peroxide,  chloric,  i.  484 
Peroxides,  i.  159  ;  ii.  15,  23 
Perstannie  oxide,  ii.  133 
Persulphates,  ii.  258 
Petroleum,  i.  378 
Phenol,  solubility  of,  i.  75 
Phlogiston,  i.  17 
Phosgene  gas,  ii.  175 
Phospham,  ii.  178 
Phosphides,  ii.  157 
Phosphine,  ii.  158,  160 
Phosphonium  iodide,  ii.  159 
Phosphoric  anhydride,  ii.  161 
Phosphorous  anhydride,  ii.  160 
Phosphorus,  ii.  149 

—  ammonium  compounds,  ii.  178 

—  chlorides,  ii.  174 

—  fluorides,  ii.  178 

—  iodides,  i.  505,  506  ;  ii.  172 

—  oxyohlorides,  ii.  175 

—  sulphides,  ii.  213 

—  sulpho-chloride,  ii.  213 

—  thermo-ohemical  data  for,  ii.  153 
Phosphuretted  hydrogen,  ii.  158,  160 
Photography,  ii.  431 
Photo-salts,  ii.  482 

Plants,  chemical  reactions  in,  i.  547 

—  and  nitrogen,  i,  280 
Platinic  chloride,  ii.  377 

—  hydroxide,  ii.  379 
Platino-ammonium  compounds,  ii.  391 

—  chlorides,  i.  467 ;  ii.  378 

—  cyanides,  ii.  386 

—  nitrites,  ii.  390 

—  sulphites,  ii.  890 
Platinous  chloride,  ii.  879 
Platinum,  ii.  376 

—  alloys,  ii.  373 

—  black,  ii.  376 

—  metals,  ii.  369,  375 

—  oxide,  ii.  378 
Poly-haloid  salts,  i.  545 
Polymerism,  i.  207,  367 
Polysulphides,  ii.  217 
Potassium,  i.  544,  558 

—  aurate,  ii.  449 

—  bromide,  i.  550 
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Potassium  carbonate,  i.  S49 

—  chlorate,  i.  161,  482 

—  chloride,  i.  72,  543 

—  chromate,  ii.  280 

—  cyanide,  i.  412,  551 

—  dichromate,  ii.  278 

—  ferricyanide,  ii.  346 

—  ferrocyanide,  i.  346,  412 

—  hydrosulphide,  ii.  219 

—  hydroxide,  i.  548 

—  iodide,  i.  550 

—  manganate,  ii.  310 

—  nitrate,  i.  553 

—  oxides,  i.  559 

—  permanganate,  ii.  311 

—  stannate,  ii.  133 

—  sulphate,  i.  72,  549 

—  sulphide,  ii.  219 

—  telluride,  ii.  274 
Praseocobaltio  salts,  ii.  361 
Praseodidymium,  ii.  97 
Proteid  substances,  i.  224 
Front's  hypothesis,  ii.  439 
Prussian  blue,  i.  41,9  :  ii.  349 
Purpureo-cobaltio  salts,  ii.  361 
Purpureo-tctramine  salts,  ii.  361 
PyrocoUodion,  i.  275 
Pyronaphtha,  i.  375 
Pyrosulphuryl  chloride,  i.  321 ;  ii.  235 


Reactions,  chemical,  i.  3 

conditions  for,  i.  34 

contact,  i.  39 

endothermal,  i.  30 

exothermal,  i.  30 

limit  of,  i.  437 

rate  of,  ii.  152 

Recalescence,  ii.  333 
Reduction,  i.  16 
Refraction  equivalent,  i.  336 
Regenerative  furnaces,  i.  398 
Reiset's  salts,  ii.  394 
Respiration,  i.  152,  154,  887 
Rhodium,  ii.  381 
Rock  salt,  i.  421 
Roseocobaltic  salts,  ii.  360 
Rosetetramine  salts,  ii.  361 
Rubidium,  i.  576 
Ruthenium,  ii.  372,  382,  384 


Salammoniac,  i.  248,  318,  457 

—  solubility  of,  i.  458 

—  vapour  density  of,  i.  317 
Salts,  i.  187,  419 

—  acid,  i.  193,  533 

—  basic,  i.  193,  533  ;  ii.  54 

—  double,  i.  598 


Salts,  electrolysis  of,  i.  191 

—  heat  of  formation,  i.  189 

—  melting  points  of,  i.  135 

—  pyro,  i.  193 

—  theory  of,  i.  193 
Saponification,  i.  530 
Scandium,  ii.  94 
Selenium,  ii.  273 

—  chlorides,  ii.  275 
Selenious  anhydride,  ii.  271 
Silica,  ii.  100  ;  ii.  108 

—  soluble,  ii.  113 
Silicates,  i.  544  ;  ii.  116 
Silicon,  ii.  99 

—  chloride,  ii.  103,  104 

—  chloroform,  ii.  103 

—  bromide,  ii.  104 

—  fiuoride,  ii.  105 

—  hydride,  ii.  102,  108 

—  iodide,  ii.  105 

—  iodoform,  ii.  105 
Silver,  ii.  418 

—  allotropic  varieties  of,  ii.  421 

—  bromide,  ii.  429 

—  chlorate,  ii.  437 

—  chloride,  ii<  429 

—  cyanide,  ii^  433_ 

—  fluoride,  ii.  430 

—  fulminating,  ii.  426 

—  hyponitrite,  i.  294 

—  iodide,  ii.  429 

—  nitrate,  ii.  426 

—  nitrite,  i.  284 
-^^rthophosphate,  ii.  164 

—  oxides,  ii.  424 

—  peroxide,  ii.  422 

—  plating,  ii.  .434 
— '•soluble,'iir"420 

—  subchloride,  ii.  432 
Slags,  ii.  328 
Smalt,  ii.  354 
Soaps,  i.  531 

Soda  ash,  i.  519 

—  caustic,  i.  527 

—  manufacture  of,  i.  459 

—  waste,  i.  522 
Sodamide,  i.  539 
Soda  lime,  i.  287 
Sodium,  i.  518,  538 

—  alloys,  i.  559 

—  amalgams,  i.  537  . 

—  bicarbonate,  i.  526~ 

—  carbonate,  i.  519,  525 

crystallohydrates  of,  i.  108 

manufacture  of,  i.  523 

solutions  of,  i.  525 

—  chloride,  i.  419 

double  salts  of,  i.  430 

solutions  of,  i.  88,  99,  429 
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Sodium  hydride,  i.  337 

—  hydroxide,  i.  528,  529 
solutions  of,  i.  529 

—  nitrate,  i.  269 
solutions  of,  i.  72 

—  organo  compounds  of,  i.  540 

—  oxides,  i.  540,  541 

—  phosphates,  ii.  166 

—  platinate,  ii.  378 

—  pyrosulphate,  i.  518 

—  sesquioarbonate,  i.  526 

—  stannate,  ii.  133 

—  subehloride,  i.  540 

—  sulphate,  i.  513 
acid  salt,  i.  518 

crystallohydrates  of,  i.  515 

solutions  of,  i.  73,  515,  516 

—  -  sulphite,  ii.  226 

—  thiosulphate,  ii.  230 
solutions  of,  i.  74 

—  tungstate,  ii.  294 
Soils,  i.  344 ;  ii.  73 
Solubility  coefficient  of,  i.  67,  71 
Solutions,  i.  330 

—  aqueous,  i.  59 

—  boiling  points  of,  i.  94,  100 

—  crystallisation  of,  i.  427 

—  colour  of,  i.  95 

—  diffusion  of,  i.  61,  429 

—  of  double  salts,  i.  599 

—  formation  of  ice  from,  i.  91,  428 

—  heat  of  formation  of,  i.  74,  75,  76 

—  of  gases,  i.  68 

—  isotonic,  i.  64 

—  saturated,  i.  65 

—  specific  gravity  of,  i.  429,  584 

—  supersaturated,  i.  96 

—  theory  of,  i.  64,  89,  92,  97,106,  215, 
323,  608  ;  ii.  3,  164 

—  vapour  tension  of,  i.  90,  92 

—  volumes  of,  i.  87 

—  Specific  heat,  i.  585,  586,  588 
Spectra  absorption,  i.  566 
Spectrum  analysis,  i.  560,  561 
Stannic  chloride,  ii.  132 

—  fluoride,  ii.  132 

—  o!yde,  ii.  130 
—'■sulphide,  ii.  132 
Stannous  chloride,  ii.  130 

—  oxide,  ii.  129 

—  salts,  ii.  129 

Steam,  vapour  tension  of,  i.  54 
Steel,  ii.  327,  328,  330 
Strontium,  i.  615 

—  chloride,  i.  615 

—  hydroxide,  i.  615 

—  nitrate,  i.  615 

—  oxide,  i.  617 
Substitution  chemical,  i.  5 


Sulphamide,  ii.  270 
Sulphatammon,  ii.  269 
Sulphates,  ii.  248 
Sulphides,  i.  98  ;  ii.  213 
Sulphonitrites,  ii.  229 
Sulphoxyl,  ii.  250 
Sulphur,  ii.  200 

—  chlorides  of,  ii.  264 
Sulphuretted  hydrogen,  ii.  208 
Sulphuric  anhydride,  ii.  232 

—  peroxide,  ii.  251 
Sulphurous  anhydride,  ii.  224 
Sulphuryl  chloride,  ii.  268 
Superphosphates,  ii.  168 


Tantalum,  ii.  194,  198 
Tellurium,  ii.  2'"4 

—  bromide,  ii.  275 

—  chlorides,  ii.  275 
Tellurious  anhydride,  ii.  271 
Temperature,  critical,  i.  131 
Test  papers,  i.  185 
Thallium,  ii.  88,  91 
Thallic  oxide,  ii.  93 
Thallous  hydroxide,  ii.  92 

—  oxide,  ii.  92 
Thiocarbonates,  ii.  262 
Thionyl  chloride,  ii.  267 
Thiophosgene,  ii.  262 
Thiophosphoryl  fluoride,  ii.  263 
Theory,  atomic,  i.  216 

—  unitary,  i.  195 

—  vortex,  i.  217 
Thermochemistry,  i.  173 
Thorium,  ii.  118 

Tin,  ii.  125 

—  alloys,  ii.  127 
Titanium,  ii.  144 

—  chloride,  ii.  145 

—  nitride,  ii.  146 

—  nitrocyanide,  ii.  146 

—  oxides,  ii.  145 
Tripoli,  ii.  110 

Trisodium  orthophosphate,  ii.  166 
Tungstates,  ii.  292 
Tungsten,  ii.  290 

—  anhydride,  ii.  291 

—  nitride,  ii.  297 

—  sulphide,  ii.  297 
TurnbuU's  blue,  ii.  350 
Types  of  combination,  ii.  10 


Ulteamaeine,  ii.  84 
Uranium,  ii.  30,  297 

—  atomic  weight  of,  ii.  26 

—  dioxide,  ii.  301 

—  oxides,  ii.  298 
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Uranium  tetrachloride,  ii.  301 
XJrano-alkali  compounds,  ii.  298 
Uranyl,  ii.  301 

—  ammonium  carbonate,  ii.  300 

—  nitrate,  ii.  300 

—  phosphate,  ii.  300 
Urea,  i.  409 


Valency  of  elements,  i.  404,  418,  581 
Van  der  Waal's  formula,  i.  82,  140 
Vanadic  anhydride,  ii.  196 
Vanadium,  ii.  194 

—  oxychloride,  ii.  195 

Vapour  density,  determination  of,  i.  801 
Ventilation,  i.  244 
Viscosity,  i.  355 
Volumes,  molecular,  ii.  4 

—  gases,  i.  300 


Water,  i.  40 

—  composition  of,  i.  114,  118,  148,  169, 
305,  333 

—  compressibility  of,  i.  53 

—  of  constitution,  i.  109 

—  of  crystallisation,  i.  95,  510 

—  dissociation  of,  i.  118 

—  expainsion  of,  i.  53 


Water  gas,  i.  129,  400,  401 

—  hard,  i.  47 

—  hygroscopic,  i.  56 

—  mineral,  i.  45 

—  rain,  i.  43 

—  river,  i.  43 

—  sea,  i.  46 

—  specific  heat  of,  i.  52 
gravity  of,  i.  50 

—  spring,  i.  44 
Wave  lengths,  i.  564 
Wood,  i.  339 


YxTEKniujr,  ii.  93 
Yttrium,  ii.  93 


Zinc,  ii.  39 

—  ammonia-chlorides,  ii.  41 

—  chloride,  ii.  40,  41 

—  compounds,  heat  of  formation  of,  ii. 
51 

—  oxide,  ii.  39,  40 

—  sulphate,  ii.  39 
Zirconium,  ii.  146 

—  chloride,  ii.  147 

—  hydroxide,  ii.  147 

—  oxide,  ii.  147 
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brook,  m.  A.,  F.R.S.,  Fellow  and  Lecturer  of  Trinity  College,  Demonstrator 
of  Physics  at  the  Cavendish  Laboratory,  Cambridge.  With  183  Woodcuts  of 
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Berlin.  Translated  by  E.  Atkinson,  Ph.D.,  formerly  Professor  of  Experi- 
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Compiled  by  Staff  Commander  W.  R.  Martin,  R.N.     Royal  8\p.,  iSj-. 

MERRIFIELD.—K    TREATISE    ON    NAVIGATION.      For 

the  Use  of  Students.  By  J.  Merrifield,  LL.D.,  F.R.A.S.,  F.M.S.  With 
Charts  and  Diagrams.     Crown  8vo. ,  5^. 

P.^if^.Si?.— ELEMENTS  OF  ASTRONOMY.     With  Numerous 

Examples  and  Examination  Papers.  By  George  W.  Parker,  M.A.,  of 
Trinity  College,  Dublin.     With  84  Diagrams.     8vo.,  sr.  net. 

'  fF^^^.— CELESTIAL  OBJECTS  FOJl  COMMON  TELE- 
SCOPES. By  the  Rev.  T.  W.  WEBB,  M.A.,  F.R.A.S.  Fifth  Edition, 
Revised  and  greatly  Enlarged  by  the  Rev.  T.  E.  ESPIN,  M.A.,  F.R.A.S.  (Two 
Volumes.)  Vol.  I.,  with  Portrait  and  a  Reminiscence  of  the  Author^  2  Plates, 
and  numerous  Illustrations.  Crown  8vo.,  6j.  Vol.  II.,  with  numerous  Illustra- 
tions.   '  Crown  8vo. ,  6j.  ^d. 


WORKS  BY  RICHARD  A.  PROCTOR. 

QLD    AND    NEW    ASTRONOMY.      AVith   21    Plates  and   47^ 

Illustrations  in  the  Tdxt.     4to.,  21J. 

MYTHS  AND   MARVELS   OF  ASTRONOMY.      Crown  8vo., 

3J-.  bd. 

THE    MOON :     Her    Motions,    Aspect,   Scenery,    and    Physical 

Condition.     With  many  Plates  and  Charts,  Wood  Engravings,  and  2  Lunar 
Photographs.     Crown  8vo.,  5^. 

THE  UNIVERSE  OF  STARS  :  Researches  into,  and  New  Views 

respecting  the  Constitution  of  the  Heavens.     With.  22  Charts  (4  Coloured),  and 
22  Diagrams.     8vo. ,  10^.  6^. 

[OVER. 
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WORKS  BY  RICHARD  A.   PROCTOR— Coniinued. 

OTHER    WORLDS    THAN    OURS:    the   Plurality   of   Worlds 

Studied  Under  the  Light  of  Recent  Scientific  Researches.  With  14  Illustrations ; 
Map,  Charts,  etc     Crown  8vo. ,  jj.  6d. 

THE  ORBS  AROUND  US;    Essays  on  the  Moon  and  Planets, 

Meteors  and  Comets,  the  Sun  and  Coloured  Pairs  of  Suns.    Crown  8vo. ,  y.  6d. 

LIGHT  SCIENCE  FOR  LEISURE  HOURS :    Familiar  Essays 

on  Scientific  Subjects.    Natural  Phenomena,  etc.    3  vols. ,  crown  8vo. ,  51.  each 

THE  EXPANSE  OF  HEAVEN :  Essays  on  the  Wonders  of  the 

Firmament.     Crown  8vo. ,  y.  6d. 

OTHER  SUNS  THAN  OURS :  a  Series  of  Essays  on  Suns— Old, 

Young,  and  Dead.  With  other  Science  Gleanings.  Two  Essays  on  Whist, 
and  Correspondence  with  Sir  John  Herschel.  With  9  Star-Maps  and  Diagrams. 
Crown  Bvo.,  31.  6d. 

HALF-HOURS   WITH  THE  TELESCOPE :   a  Popular  Guide 

to  the  Use  of  the  Telescope  as  a  means  of  Amusement  and  Instruction.  With 
7  Plates.     Fcp.  8vo. ,  as.  (td. 

NEW   STAR   ATLAS   FOR  THE   LIBRARY,  the  School,  and 

the  Observatory,  in  Twelve  Circular  Maps  (with  Two  Index-Plates).  With  an 
Introduction  on  the  Study  of  the  Stars.    Illustrated  by  9  Diagrams.    Crown  8vo., 

THE  SOUTHERN   SKIES:    a  Plain   and   Easy  Guide  to  the 

Constellations  of  the  Southern  Hemisphere.  Showing  in  i2  Maps  the  position 
of  the  principal  Star-Groups  night  after  night  throughout  the  year.  With  an 
Introduction  and  a  separate  Explanation  of  each  Map.  True  for  every  Year. 
4to.,  jr. 

HALF-HOURS  WITH  THE  STARS :  a  Plain  and  Easy  Guide 

to  the  Knowledge  of  the  Constellations.  Showing  in  12  Maps  the  position  of 
the  principal  Star-Groups  night  after  night  throughout  the  year.  With  Intro- 
duction and  a  separate  Explanation  of  each  Map.  True  for  every  Year. 
4to. ,  3J.  6d. 

LARGER  STAR  ATLAS  FOR  OBSERVERS  AND  STUDENTS. 

In  Twelve  Circular  Maps,  showing  6000  Stars,  1500  Double  Stars,  Nebulae,  etc 
With  2  Index-Plates.    Folio,  151.    ~ 

THE    STARS    IN    THEIR    SEASONS:    an   Easy   Guide  to  a 

Knowledge  of  the  Star-Groups.     In  12  Large  Maps.     Imperial  8vo.,  5J. 

ROUGH     WAYS     MADE    SMOOTH.       Familiar    Essays    on 

Scientific  Subjects.      Crown  8vo.,  jr.  6d. 

PLEASANT  WAYS  IN  SCIENCE.     Crbwn  8vo.,  3^.  bd. 

NATURE  STUDIES.      By  R.  A.  Proctor,  Grant  Allen,  A. 
Wilson,  T.  Foster,  and  E.  Clodd.    Crown  8vo.,  31.  6rf. 

LEISURE  READINGS.      By  R.  A.    Proctor,  E.   Clodd,  A. 

Wilson,  T.  Foster,  and  A.  C.  Ranyard.    Crown  8vo.,  y.  6d. 
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MANUFACTURES,  TECHNOLOGY,  ETC. 

^^ZZ.— JACQUARD  WEAVING  AND  DESIGNING.   By  F.  T. 

Bell,  Medallist  in  Honours  and  Certificated  Teacher  in  '  Linen  Manufacturing ' 
and  in  '  Weaving  and  Pattern  Designing,'  City  and  Guilds  of  London  Institute. 
With  199  Diagrams.     8vo.,  I2J.  net,  / 

CROSS    AND    ^^F^^iV:— CELLULOSE:    an    Outline    of    the 

Chemistry  of  the  Structural  Elements  of  Plants.  With  Reference  to  their 
Natural  History  and  Industrial  Uses.  By  Cross  and  Bevan  (C.  F.  Cross,  E. 
J.  Bevan,  and  C.  Beadle).     With  14  Plates.     Crown  8vo.,  I2J,  net. 

TAYLOR.— COTTON    WEAVING    AND    DESIGNING.      By 

John  T.  Taylor.     With  373  Diagrams.    Crown  8vo. ,  ^s.  6d.  net. 

LURTON.  —  UmmG.     An  Elementary  Treatise  on  the  Getting 

of  Minerals.  By  Arnold  LupTON,  M.I.p.E.,  F.G.S.,  etc.  With  596  Diagrams 
and  Illustrations.     Crown  Bivo.,  gs,  net. 

WATTS.— KH   INTRODUCTORY    MANUAL  FOR   SUGAR 

GROWERS.  By  Francis  Watts,  F.C.S.,  F.I.C.  1  With  20  Illustrations. 
Crown>8vo.,  dr. 

PHYSIOGRAPHY  AND  GEOLOGY. 

BIRB.— Works  by  CHARLES  BIRD,  B.A. 

ELEMENTARY   GEOLOGY.     With   Geological   Map  of  the 

British  Isles,  and  247  Illustrations.     Crown  8vo.,  2j.  6d. 
ADVANCED  GEOLOGY.     A  Manual  for  Students  in  Advanced 

Classes  and  for  General  Readers.  With  over  300  Illustrations,  a  Geological 
Map  of  the  British  Isles  (colotued),  and  a  set  of  Questions  for  Examination. 
Crown  8vo.,  js.  bd.  > 

GREEN.— ?YiY'S>lQ,k\.    GEOLOGY  FOR  STUDENTS  AND 

GENERAL  READERS.  With  Illustrations.  By  A.  H.  GREEN,  M.A.. 
F.G.S.     8vo.,  2ii. 

THORNTON.— WoxV%  by  J.  THORNTON,  M.A. 
ELEMENTARY   PHYSIOGRAPHY:    an  Introduction  to  the 

Study  of  Nature.  With  12  Maps  and  247  Illustrations.  With  Appendix  on. 
Astronomical  Instruments  and  Measurements.     Crown  Bvo.,  2i.  bd. 

ADVANCED    PHYSIOGRAPHY.      With   6   Maps    and    i8o 

Illustrations.     Crown  Bvo.,  4r.  bd. 


HEALTH  AND  HYGIENE. 

Bi2i4  y.— PHYSIOLOGY  AND  THE  L-\WS  OF  HEALTH,  in 
Easy  Lessons  for  Schools.     By  Mrs.  Charles  Bray.     Fcp.  8vo. ,  xs. 

BROBRIBB.—yih'^VM.  OF  HEALTH  AND  TEMPER- 
ANCE. By  T.  Brodribb,  M.A.  With  Extracts  from  Gough's 'Temperance 
brations '.  Revised  and  Edited  by  the  Rev.  W.  RUTHVEN  Pym,  M.A.,  Member 
of  the  Sheffield  School  Board.     Crown  8vo. ,  is.  bd. 

BUCKTON.  —  HEALTH    IN    THE     HOUSE ;    Twenty  five 

Lectures  on  Elementary  Physiology.      By  Mrs.  C.  M.  BucKTON.     With  41. 
Woodcuts  and  Diagrams.     Crown  8vo. ,  2j. 
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COJiFIEL£>.—TU.E  LAWS  OF  HEALTH.      By  W.   H.   CoR- 

FIELD,  M.A.,  M.D.     Fcp.  8vo.,  zs.  6d. 

J?y?^iVXZ^iVZ>.— MICRO-ORGANISMS  IN  WATER,  THEIR 

SIGNIFICANCE,  IDENTIFICATION,  AND  REMOVAL.  Together  with 
an  Account  of  the  Bacteriological  Methods  Involved  in  their  Investigation. 
Specially  Designed  for  the  Use  of  those  connected  with  the  Sanitary  Aspects  of 
Water  Supply.  By  Professor  Percy  Franklakd,  Ph.D.,  B.Sc.  (Lond.), 
F.R.S.,  Fellow  of  the  Chemical  Society;  and  Mrs.  Percy  FeaiI{KI,and.  With 
2  Plates  and  numerous  Diagrams.     Svo.,  i6j.  net. 

HOTTER  AND  Em TJI.— HYGIENE.     By  J.  L.  Notter,  M.A., 

M.D.,  and  R.  H.  Firth,  F.R.C.S.    With  95  Illustrations.    Crown  Svo.,  3s.  6d. 

EOORE.— ESSAYS    ON    RURAL    HYGIENE.      By    George 

Vivian  Poore,  M.D.     Crown  8vo.,  6s.  6d. 

WILSON.— K   MANUAL   OF   HEALTH-SCIENCE:    adapted 

for  use  in  Schools  and  Colleges,  and  suited 'to  the  requirements  of  Students 
preparing  for  the  E.\aminations  in  Hygiene  of  the  Science  and  Art  Department, ' 
etc.  By  Andrew  Wilson,  F.R.S.E.,  F.L.S,,  etc.  With  74  Illustrations., 
Crown  Svo. ,  2S.  6d.  ' 


NATURAL  HISTORY,  EVOLUTION,  ETC. 

CLODB.— Works  liy  EDWARD  CLODD. 
THE  STORY  OF  CREATION  :  A  Plain  Account  of  Evolution. 

With  77  Illustrations,     drown  Svo. ,  y.  6d. 

A   PRIMER   OF   EVOLUTION:    being  a  Popular  Abridged 

Edition  of  '  The  Story  of  Creation  '.     With  Illustrations.     Fcp.  Svo.,  is.  6if. 

-EC/RJVEAUX.— Works  by  WILLIAM  S.  FURNEAUX. 

THE  OUTDOOR  WORLD ;  or,  The  Young  Collector's  Hand- 
book. With  18  Plates,.  16  of  which. are  coloured,  and  549  Illustrations  in  the 
Text.     Crown  Svo. ,  ys.  td. 

BUTTERFLIES  AND  MOTHS  (British).     With  12  Coloured 

Plates  and  241  Illustrations  in  the  Text.     I2r.  6d. 

LIFE  IN  PONDS  AND  STREAMS.     With  8  Coloured  Plates 

and  311  Illustrations  in  the  Text.     Crown  Svo.,  izs.  6d. 

L/O'LISON.—BRITISK  BIRDS.     By  W.  H.  Hudson,  C.M.Z.S. 

With  8  Coloured  Plates  from  Original  Drawings  by  A.  Thorburn,  and  S  Plates 
and  100  Figures  in  black  and  white  from  Original  Drawings  by  C.  E.  Lodge, 
and  3  Illustrations  from  Photographs  by  R.  B.  LODGE.     Crown  8vo. ,  12s.  6d. 

EOMAJVES.— Works  by  GEORGE  JOHN   ROMANES,  LL.D., 
F.R.S. 
DARWIN,    AND   AFTER    DARWIN :   an  Exposition  of  the 

Darwinian  Theory,  and  a  Discussion  on  Post-Darwinian  Questions. 
Part  I.  THE  DARWINIAN  THEORY.     With  Portrait  of  Darwin  and  125 
Illustrations.     Crown  Svo.',  los.  6d. 

Part  II.  POST-DARWINIAN  QUESTIONS :  Heredity  and  Utility.    With 
Portrait  of  the  Author  and  5  Illustrations.     Crown  Svo.,  loj.  6d. 

AN  EXAMINATION  OF  WEISMANNISM.     Crown  8vo.,  6s. 
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MEDICINE   AND   SURGERY. 

ASHBY  AND   WEIGHT.— Tim  DISEASES  OF  CHILDREN, 

MEDICAL  AND  SURGICAL.  By  Henry  Ashby,  M.D.,  Lond.,  F.R.C.P., 
and  G.  A.  Weight,  B.A.,  M.B.,  Oxon.,  F.R.C.S.,  Eng.  With  192  Illustra- 
tions.    8vo. ,  2V. 

BENNETT.— Wor^s   by  WILLIAM  H.  BENNETT,  F.R.C.S., 
Surgeon  to  St.  George's  Hospital.     . 

CLINICAL  LECTURES  ON  VARICOSE  VEINS  OF  THE 

LOWER  EXTREMITIES.     With  3  Plates.     Svo.,  6j. 

ON  VARICOCELE  ;   A  PRACTICAL  TREATISE.     With  4 

Tables  and  a  Diagram.     8vo.,  c,s. 

CLINICAL     LECTURES     ON    ABDOMINAL    HERNIA: 

chiefly  in  relation  to  Treatment,  including  the  Radical  Cure.    With  12  Dia- 
grams in  the  Text.     8vo. ,  &s.  6d. 

CLARKE.  —  POST-MORTEM       EXAMINATIONS       IN 

MEDICO-LEGAL  AND  ORDINARY  CASES.  With  Special  Chapters  on 
the  Legal  Aspects  of  Post-Mortems,  and  on  Certificates  of  Death.  By  J. 
Jackson  Clarke,  M.B.  (Lond.),  F.R.C.S.    Fcp.  8vo.,  zs.  6d. 

COATS.— A     MANUAL    OF     PATHOLOGY.       By    Joseph 

Coats,  M.D.  ,  Professor  of  Pathology  in  the  University  of  Glasgow.  Third 
Edition.     Revised  throughout.     With  507  Illustrations.     8vo. ,  31J.  6d. 

COOKE.— \Nox\s   by  THOMAS   COOK,  F.R.C.S.   Eng.,    B.A., 
B.Sc,  M.D.,  Paris. 

TABLETS  OF  ANATOMY.  Being  a  Synopsis  of  Demonstra- 
tions given  in  the  Westminster  Hospital  Medical  School  in  the  years  1871-75. 
Tenth  Thousand,  being  a  selection  of  the  Tablets  believed  to  be  most  useful 
to  Students  generally.     Post  4to. ,  loj.  6d. 

APHORISMS  IN  APPLIED  ANATOMY  AND  OPERATIVE 

SURGERY.    Including  loo  Typical  vivd  voce  Questions  on  Surface  Marking, 
etc.     Crown  8vo.,  3J.  6d. 

DISSECTION  GUIDES.    Aiming  at  Extending  and  Facilitating 

such  Practical  work  in  Anatomy  as  will  be  specially  useful  in  connection  with 
an  ordinary  Hospital  Curriculum.     8vo.,  loj.  6d. 

T>ICJCINSON.— Works  by  W.  HOWSHIP  DICKINSON,  M.D. 
Cantab.,  F.R.C.P. 

ON   RENAL    AND    URINARY  AFFECTIONS.     Complete 

in  Three  Parts,  8vo.,  with  12'  Plates  and  122  Woodcuts.     Price  ^^3  41.  6d. 
cloth. 
*i*  The  Parts  can  also  be  had  separately,  each  complete  in  itself,  as  follows : — , 

Part  I.     Diabetes,  los.  6d.  sewed,  12^.  cloth. 

Part  II.     Albuminuria,  jQi  sewed,  £,1  t.s.  cloth. 

Part  III.     Miscellaneous  AflFections  of  the  Kidneys  and  Urine, 

j^i  iw.  sewed,  _^i  lis.  6d.  cloth. 
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DICKINSON.— "^oxVs  by  W.  HOAySHIP  DICKINSON,  M.D. 
Cantab.,  Y.^.Q.V.— continued. 

THE    TONGUE    AS    AN    INDICATION    OF    DISEASE; 

being  the  Lumleian  Tjcctures  delivered  at  the  Royal  College  of  Physicians  in 
March,  1888.     8vo.,  js.  6d. 

THE  HARVEIAN  ORATION  ON  HARVEY  IN  ANCIENT 

AND  MODERN  MEDICINE.     Crown  8vo.,  2j.  6d. 

OCCASIONAL  PAPERS  ON  MEDICAL  SUBJECTS,  1855- 

1B96.      8vp.,   I2S. 

EJilCffSEN.—TtiE   SCIENCE  AND   ART  OF  SURGERY; 

a  Treatise  on  Surgical  Injuries,  Diseases,  and  Operations.  Tenth  Edition.  Re- 
vised by  the  late  Marcus  Beck,  M.S.,  and  M.B.  (Lond.),  F.R.C.S.,  and  by 
Raymond  Johnson,  M.B.  and  B.S.  (Lond.),  F.R.C.S.  Illustrated  by  nearly 
1000  Engravings  on  Wood.     2  vols.,  royal  8vo.,  /is. 

G A RROD.— Works    by    Sir    ALFRED    BARING    GARROD, 
M.D.,  F.R.S.,  etc, 

A    TREATISE    ON    GOUT    AND    RHEUMATIC    GOUT 

(RHEUMATOID  ARTHRITIS).     With  6  Plates,  comprising  ai   Figures 
(14  Coloured),  and  27  Illustrations  engraved  on  Wood.     8vo.,  zis. 

THE  ESSENTIALS  OF  MATERIA  MEDICA  A^^D  THERA- 
PEUTICS. Revised  and  Edited,  under  the  supervision  of  the  Author,  by 
Nestor  Tirard,  M.D.;  Lond.,  F.R.C.P.,  Professor  of  Materia  Medica  and 
Therapeutics  in  King's  College,  London,  etc.     Crown  8vo. ,  12s.  6d. 

GRA  y.— ANATOMY,  DESCRIPTIVE  AND  SURGICAL.     By 

Henry  Gray,  F.R.S.,  late  Lecturer  on  Anatomy  at  St.  George's  Hospital. 
The  Thirteenth  Edition,  re-edited  by  T.  Pickering  Pick,  Surgeon  to  St. 
George's  Hospital;  Member  of  the  Court  of  Examiners,  Royal  College  of 
Surgeons  of  England.  With  636  large  Woodcut  Illustrations,  a  large  propor- 
tion of  which  are  coloured,  the  Arteries  being  coloured  red,  the  Veins  blue,  and 
the  Nerves  yellow.  The  attachments  of  the  muscles  to  the  bones,  in  the  section 
on  Osteology,  are  also  showh  in  coloured  outline.    Royal  8vo. ,  36s. 

BAZL/BUJi TON— Works  by  W.  D.  HALLIBURTON,  M.D., 
F.R.S.,  M.R.C.P. 

A    TEXT-BOOK    OF    CHEMICAL    PHYSIOLOGY    AND 

PATHOLOGY.     With  104  Illustrations.     8m.,  28s. 

ESSENTIALS    OP    CHEMICAL    PHYSIOLOGY.      Second 

Edition.     8vo.,  51. 

LANG.— THE    METHODICAL    EXAMINATION  .OF   THE 

EYE.  Being  Part  I.  of  a  Guide  to  the  Practice  of  Ophthalmology  for  Students 
and  Practitioners.  By  WILLIAM  LANG,  F.R.C.S.,  Eng.,  Surgeon  to  the  Royal 
London  Ophthalmic  Hospital,  Moorfields,  etc  With  15  Illustrations. 
Crown  8vo.,  3s.  6d. 
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L/F£7iVG.— Works  by  ROBERT  LIVEING,  M.A.  and  M.D. 
Cantab.,  F.R.C.P.,  Lond.,  etc.,  Physician  to  the  Department 
for  Diseases  of  the  Skin  at  the  Middlesex  Hospital,  etc. 

HANDBOOK  ON  DISEASES  OF  THE  SKIN.     With  especial 

reference  to  Diagnosis  and  Treatment.     Fcap.  8vo. ,  ^s. 

ELEPHANTIASIS   GR^CORUM,  OR  TRUE   LEPROSY; 

Being  the  Goulstonian  Lectures  for  1873.      Cr.  8vo.,  i,s.  bd. 

LONGMORE.— Works  by  Surgeon-General  Sir  T.  LONGMORE 
(Retired),  C.B.,  F.R.C.S. 

THE  ILLUSTRATED  OPTICAL  MANUAL;  or,  HAND- 
BOOK OF  INSTRUCTIONS  FOR  THE  GUIDANCE  OF  SURGEONS 
IN  TESTING  QUALITY  AND  RANGE  OF  VISION,'  and  in  Dis- 
tinguishing AND  Dealing  with  Optical  Defects  in  Genek^vl. 
Illustrated  by  74  Drawings  and  Diagrams  bv  Inspector-General  Dr. 
Macdonald,  R.N.,  F.R.S.,  C.B.     8'vo.,   i+r. 

GUNSHOT  INJURIES.    Their  History,  Characteristic  Features, 

Complications,  and  General  Treatment ;  with  Statistics  concerning  them 
as  they  have  been  met  with  in  Warfare.  With  78  Illustrations.  8vo. , 
3IS.  bd. 

Z^Z/^/^— TEXT-BOOK    OF    FORENSIC     MEDICINE    AND 

TOXICOLOGY.  By  Aethuk  P.  Luff,  M.D.,  B.Sc.  (Lond.),  Physician 
in  Charge  of  Out-Patients  and  Lecturer  on  Medical  Jurisprudence  and 
.Toxicology  in  St.  Mary's  Hospital;  Examiner  in  Foiensic  Medicine  in  the, 
University  of  London ;  External  Examiner  in  Forensic  Medicine  in  the 
Victoria  University  ;  Official  Analyst  to  the  Home  Office^  With  numerous 
Illnstrations.     2  vols.,  crown  8vo. ,  24J. 

NEWMAN.-Q-^    THE   DISEASES   OF  THE  KIDNEY 

AMENABLE  TO  SURGICAL  TREATMENT.  Lectures  to  Practitioners. 
By  David  Newman,  M.D.,  Surgeon  to  the  Western  Infirmary  Out-Door 
Department ;  Pathologist  and  Lecturer  on  Pathology  at  the  Glasgow  Royal' 
Infirmary;  Examiner  in  Pathology  in  the*  University  of  Glasgow;  Vice- 
President  Glasgow  Pathological  and  Clinical  Society.     8\o. ,  i6.f. 

OWE  N.~A     MANUAL    OF    ANATOMY     FOR    SENIOR 

STUDENTS.  By  Edmund  Owen,  M.B.,  F.R.S.C,  Senior  Surgeon  to  the 
Hospital  for  Sick  Children,  Great  Ormond  Street,  Surgeon  lo  St.  Mary's 
Hospital,  London,  and  co-Leclurer  on  Surgery,  late  Lecturer  on  Anatomy  in 
its  Medical  School.     With  210  Illustrations.     Crown  8vo. ,  I2.t.  6ii. 

POOLE.— COOKERY  FOR  THE  DIABETIC.     By  W.  H   and 

,  Mrs.  Poole.     With-Preface  by  Dr.  Pavy.     Foop.  Bvo.,  2.r.  frf. 
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MEDICINE  AND  SURCERY— G)»««Kerf. 

QUAIN.  —  A     DICTIONARY     OF     MEDICINE;     Including 

General  Pathology,  General  Therapeutics,  Hygiene,  and  the  Diseases  of* 
Women  and  Children.  By  Various  Writers.  Edited  by  Richard  CJuain, 
Bart.,  M.D.  Lond.,  LL.D.  Edin.  (Hon.)  F.R.S.,  Physician  Extraordinary  to 
H.M.  the  Queen,  Pr^ident  of  the  General  Medical  Council,  Member  of  the 
Senate  of  the  University  of  London,  etc.  Assisted  by  Frederick  Thomas 
Roberts,  M.D.  Lond.,  B.Sc,  Fellow  of  the  Royal  College  of  Physicians, 
Fellow  of  University  College,  Professor  of  Materia  Medica  and  Therapeutics, 
University  College,  &c. ;  and  J.  Mitchell  Bruce,  M.A.  Abdn.,  M.D.  Lond., 
Fellow  of  the  Royal  College  of  Physicians  of  London,  Physician  and  Lecturer 
on  the  Principles  and  Practice  of  Medicine,  Charing  Cross  Hospital,  &c.  New 
Edition,  Revised  throughout  and  Enlarged.  In  2  Vols.,  medium  8vo.,  cloth, 
red  edges,  price  40s.  net. 

QUA/JV.—QUAIN'S  (JONES)  ELEMENTS   OF   ANATOMY. 

The  Tenth  Edition.  Edited  by  Edward  Albert  Schafer,  F.R.S.  ,  Professor 
of  Physiology  and  Histology  in  University  College,  London ;  and  George 
Dancer  Thane,  Professor  of  Anatomy  in  University  College,  London.  In  3 
Vols. 

*,*  The  several  parts  of  this  work  form  complete  Text-books  of  their  re- 
spective SUBJECTS.    They  can  be  obtained  separately  as  follows  : — 


Vol.  I,  Part  I.  EMBRYOLOGY. 
By  E.  A.  Schafer,  F.R.S.  With 
200  Illustrations.    Royal  8vo. ,  91. 

Vol.  I.,  Part  II.  GENERAL  ANA- 
TOMY OR  HISTOLOGY.  By  E. 
A.  Schafer,  F.R.S.  With  291 
Illustrations.     Royal  8vo. ,  izs.  6d. 

Vol.  II.,  Part  I.  OSTEOLOGY.  By 
G.  D.  Thane.  With  168  Illustra- 
tions.    Royal  8vo.,  gs. 

Vol.  II.,  Part  II.  ARTHROLOGY 
—MYOLOGY  —ANGEIOLOGY. 
By  G.  D.  Thane.  With  255  Illustra- 
tions.    Royal  8vo. ,  i8j. 

Vol,  III.,  Part  I.  THE  SPINAL 
CORD  AND  BRAIN.  By  E.  A. 
Schafer,  F.R.S.  With  139  Illus- 
trations.    Royal  8vo.,  lar.  6if. 


Vol.  III.  Part  II.  THE  NERVES. 
By  G.  D.  THANE.  With  102 
Illustrations.     Royal  8vo.,  91. 

Vol.  IIL,  Part  III.  THE  ORGANS 
OF  THE  SENSES.  By  E.  A. 
Schafer,  F.R.S.  With  178  Illus- 
trations.    Royal  8vo.,  gs. 

Vol.  III.,  Part  IV.  SPLANCH- 
NOLOGY. By  E.  A.  Schafer, 
F.R.S.,and  Johnson  Symington. 
M.  D.  With  337  Illustrations.  Royal 
8vo.,  16s. 

Appendix.  SUPERFICIAL  AND 
SURGICAL  ANATOMY.  By 
Professor  G.  D.  Thane  and  Pro- 
fessor R.  J.  Godlee,  M.S.  With 
29  Illustrations.    Royal  8vo.,  6^.  6d. 


5C//^F£/?.— THE  ESSENTIALS  OF  HISTOLOGY.  Descrip- 
tive and  Practical.  For  the  Use  of  Students.  By  E.  A.  Schafer,  F.R.S., 
Jodrell  Professor  of  Physiology  in  University  College,  London;  Editor  of  the 
Histological  Portion  of  Quain's  'Anatomy'.  Illustrated  by  more  than  300 
Figures,  many  of  which  are  new.    8vo.,  7s.  6d.     (Interleaved,  lor.) 


SCHEATA'.— MANUAL    OF    BACTERIOLOGY.      For    Practi- 

tioners  and  Students.  With  especial  reference  to  Practical  Methods.  By  Dr. 
S.  L.  ScHENK,  Professor  (Extraordinary)  in  the  University  of  Vienna.  Trans- 
lated from  the  German,  with  an  Appendix,  by  W.  R.  Davvson,  B.A.,  M.D., 
Univ.'  Dub.  ;  late  University  Travelling  Prizeman  in  Medicine,  ^ith  ico 
Illustrations,  some  of  which  are  coloured.     8vo.,  lo.*-.  net* 
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MEDICINE  AND  SURGERY— Coniinued. 

SMALE  AND    COLYER.      DISEASES  AND  INJURIES  OF 

THE  TEETH,  including  Pathology  and  Treatment :  a  Manual  of  Practical 
Dentistry  for  Students  and  Practitioners.  By  MORTON  SMALE  M.R.C.S., 
L.S.A.,  L.D.S.,  Dental  Surgeon  to  St.  Mary's  Hospital,  Dean  of  the  School, 
Dental  Hospital  of  London,  etc.  ;  and  J.  F.  COLYER,  L.R.C.P.,  M.R.C.S., 
L.D.S.,  Assistant  Dental  Surgeon  to  Charing  Cross  Hospital,  and  Assistant 
Dental  Surgeon  to  the  Dental  Hospital  of  London.  With  334  Illustrations. 
Large  Crown  8vo. ,  15s. 

SMITH  {H  E).     THE  HANDBOOK  FOR  MIDWIVES     By 

HENRY  FLY  SMITH,  B.A.,  M.B.  Oxon.,  M.R.C.S.  With  41  Woodcuts. 
Crown.  8vo. ,  price  5J. 

ST^EL.-Works  by  JOHN  HENRY  STEEL,  F.R.C.V.S.,  F.Z.S., 
A.V.D. 

A  TREATISE  ON  THE  DISEASES  OF  THE  DOCi ;  being 

a  Manual  of  Canine  Pathology.     Especially  adapted  for  the  use  of  Veterinary ' 
Practitioners  and  Students.     88  Illustrations.     8vo.,ios6d. 

A  TREATISE  ON  THE  DISEASES  OF  THE  OX  ;   being  a 

Manual  of  Bovine  Pathology.     Especially  adapted  for  the  use  of  Veterinary 
Practitioners  and  Students,     z  Plates  and  117  Woodcuts.     Bvo. ,  15J. 

A  TREATISE  ON  THE  DISF;ASES  OF  THE  SHEEP  ;  being 

a  Manual  of  Ovine  Pathology  for  the  use  of  Veterinary  Practitioners  and 
Students.     With  Coloured  Plate  and  99  Woodcuts.     Bvo. ,  izj. 

OUTLINES  OF  EQUINE  ANATOMY;  a  Manual  for  the  use 

of  Veterinary  Students  in  the  Dissecting  Room.     Crown  8vo.,  7s.  6rf. 

'  STOA^EI/ENGE.'—T'HE  DOG  IN  HEALTH  AND  DIS- 
EASE. By  '  Stonehenge'.  With  84  Wood  Engravings.  Square  Crown 
8vo. ,  7S.  6d. 

• 

WALLER.— .Mi  INTRODUCTION  TO  HUMAN  PHYSIO- 
LOGY. By  Augustus  D.  WALLER,  M.D.,  Lecturer  on  Physiology  at  St. 
Mary's  Hospital  Medical  School,  London;  late  External  Exaniiner  at  the 
Victorian  University.    Second  Edition,  Revised.    With  305  Illustrations.    8vo. , 

WEICHSELBA  UM.— THE  ELEMENTS  OF  PATHOLOGI- 
CAL HISTOLOGY.  With  Special  Reference  to  Practical  Methods.  By  Dr. 
Anton  Weichselbau.m,  Professor  of  Pathology  in  the  University  of  Vienna. 
Translated  by  W.  R.  Dawson,  M.D.  (Dub.),  Demonstrator  of  Pathology  in 
the  Royal  College  of.  Surgeons,  Ireland,  late  Medical  Travelling  Prizeman  of 
Dublin  University,  &c.  With  221  Figures,  partly  in  Colours,  a  Cromo-litho- 
graphic  Plate,  and  7  Photographic  Plates.     Royal  Bvo.,  21s.  net. 
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WILKS  AND  J/OXCiV:— LECTURES  ON  PATHOLOGICAL 

ANATOMY.  By  SAMUEL  WiLKS,  M.D.,  F.R.S.,  Consulting  Physician  to, 
and  formerly  Lecturer  on  Medicine  and  Pathology  at  Guy's  Hospital,  and  the 
late  Walter  Moxon,  M.D.,  F.R.C.P..  Physician  to,, and  Some  time  Lecturer 
on  Pathology  at  Guy's  Hospital.  Third  Edition,  thoroughly  Revised.  By 
Samuel  WiLKS,  M.D.,  LL.D.,  F.R.S.     8vo.,  i8j. 

FOZ/^rT:— Works  by  WILLIAM  YOUATT. 
THE     HORSE.      Revised    and    Enlarged     by    W.    Watson, 

M.R.C.V.S.    With  52  Woodcuts.     8vo.,7J.  &f. 

THE    DOG.      Revised   and    Enlarged.      With    33   Woodcuts.    . 

.    Bvo.,  (is.  ^ 


PHYSIOLOGY,  BIOLOGY,  ETC. 

^5Zr^F.— NOTES  ON  PHYSIOLOGY,  for  the  Use  of  Students 

Preparing  for  Examination.    By  HENRY  AsHBy,  M.D.    With  141  Illustrations. 
Fcp.  8vo.,  5J. 

BAIiNErT.~i:iiE  MAKING  OF  THE  BODY  :   a  Children's 

Book  on  Anatomy  and  Physiology,  for  School  and  Home  Use.     By  Mrs.  S.  A. 
Barnett.     With  113  Illustrations.     Crown  8vo.,  u.  gd. 

BIDGOOD.—K  COURSE  OF  PRACTICAL  ELEMENTARY 

BIOLOGY.      By   John   Bidgood,   B.Sc,   F.L.S.      With  226  Illustrations. 
Crown  8vo.,  a^.  6d. 

BRA  K— PHYSIOLOGY  AND  THE  LAWS  OF  HEALTH,  in 

Easy  Lessons  for  Schools.     By  Mrs.  Charles  Bray.     Fcp.  8vo.,  is. 

^-ff^A^^Z^iVZ).— MICR0-6rGANISMS  IN  WATER.  To- 
gether with  an  Account  of  the  Bacteriological  Methods  involved  in  their 
Investigation.  Specially  designed  for  the  use  of  those  connected  with  the 
Sanitary  Aspects  of  Water-Supply.  By  Percy  Fhankland,  Ph.D.,  aSc. 
(Lond.),  F.R.S.,  and  Mrs.  Percy  FranKland.  With  2  Plates  and  Numerous 
Diagrams.     8vo.,  i6j.  net. 

FURNEA  C/X.— HUMAN  PHYSIOLOGY.     By  W.  Furneaux, 

F.R.G.S.     With  218  Illustrations.     Crown  8vo. ,  2J.  6rf. 

HUDSON  AND    GOSSE.— THE   ROTIFERA,   or  '  WHEEL- 

ANIMALCULES '.  By  C.  T.  HUDSON,  LL.D.,  and  P.  H.  GossE,  F.R.S. 
With  30  Coloured  and  4  Uncoloured  Plates.  In  6  Parts.  4to.,  lor.  6d.  each,; 
Supplement  tss.  dd.     Complete  in  2  vols.,  with  Supplement,  410.,  £i,  4t. 
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PHYSIOLOGY.   BIOLOGY,   ^TC-Conlinued. 

MACALISTER.—yNoxks   by    ALEXANDER    MACALISTER, 

M.D. 

ZOOLOGY    AND     MORPHOLOGY     OF    VERTEBRATA. 

8vo.,  10s.  6d.  ' 

ZOOLOGY  OF  THE  INVERTEBRATE  ANIMALS.     With 

59  Diagrams.     Fop.  8vo. ,  is.  6d.        •■ 

ZOOLOGY  OF  THE  VERTEBRATE  ANIMALS.     With  77 

Diagrams.     Fcp.  8vo. ,  is,  6if. 

MOXGAAT.— ANIMAL  BIOLOGY  :   an  Elementary  Text-Book. 
By  C.  Lloyd  Morgan.    With  numerous  Illustrations.     Crown  8vo. ,  8.r.  6d. 

SCH-ENK.—MAN'UAL  OF  BACTERIOLOGY,  for  Practitioners 

and  Students,  with  Especial  Reference  to  Practical  Methods.     By  Dr.  S.  L. 
SCHENK.     With  100  Illustrations,  some  of  which  are  Coloured.     Bvo.,  los.  net. 

THOJiNTOA.— HUMAN  PHYSIOLOGY.    By  John  Thornton, 

M.A.     With  267  Illustrations,  some  Coloured.     Crown  Bvo.,  6.t. 


BOTANY. 

AITKEJV.  — ELEMENTARY    TEXT-BOOK    OF    BOTANY. 

For  the  use  of  Schools.  By  Edith  Aitken,  late  Scholar  of  Girton  College. 
With  over  400  Diagrams.     Crown  8vo. ,  4J.  6d. 

BENNETT  and   MURRAY.— B.AND'&OOY^  OF   CRYPTO- 

GAMIC  BOTANY.  By  Alfred  W.  Bennett,  M.A.,  B.Sc,  F.L.S.,  Lecturer 
on  Botany  at  St.  Thomas's  Hospital ;  and  George  Murray,  F.L.S.,  Keeper 
of  Botany,  British  Museum.     With  378  Illustrations.     8vo. ,  i6j. 

CROSS   AND    BEVAN.—Q.ELL\}LQ)%E:     an    Outline    of    the 

Chetnistry  of  the  Structural  Elements  of  Plants.  With  Reference  to  their' 
Natural  History  and  Industrial  Uses.  By  CROSS  and  Bevan  (C.  F.  Cross,  E. 
J.  Bevan,  and  C.  Beadle).     With  14  Plates.     Crown  Bvo.,  I2r.  net. 

EDMONDS.— Works  by  HENRY  EDMONDS,  B.Sc,  London. 
ELEMENTARY  BOTANY,  Theoretical  and  Practical.      With 

319  Diagrams  and  Woodcuts.     Crown  Bvo. ,  2j.  6d. 

BOTANY   FOR   BEGINNERS.     With   85   Illustrations.     Fcp. 

Bvo.,  ij.  6d. 

KITCHENER.— A    YEAR'S    BOTANY.      Adapted   tp    Home 

and  School  Use.  With  Illustrations  by  the  Author.  By  Frances  Anna 
Kitchener.     Crown  Bvo.,  55. 
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•BOTfiMM— Continued. 

LINDLEY AND  MOORE.— TB.^  TREASURY  OF  BOTANY; 

or,  Popular  Dictionary  ot  the  Vegetable  Kingdom  :  with  which  is  incorporated 
a  Glossary  of  Botanical  Terms.  Edited  by  J.  Lindley,  M.D.,  F.R.S.,  and  T. 
Moore,  F.L.S.     With  20  Steel  Plates  and  numerous  Woodcuts.    Two  parts, 

fcp.  8V0.,   I2J. 

J/ciV:4^.— CI,ASS-BOOK   OF   BOTANY.      By  W.  R.  McNab. 
MORPHOLOGY  AND    PHYSIOLOGY.     With  42  Diagrams. 

Fcp.  8vo.,  IJ-.  6d. 

CLASSIFICATION     OF     PLANTS.       With    118    Diagrams. 

Fcp.  8vo. ,  IS.  6d.  ' 

THOME  AND  ^^iVTVSrr.— STRUCTURAL  AND  PHYSIO- 
LOGICAL BOTANY.  By  Dr.  Otto  Wilhelm  THOMg  and  by  Alfred  W. 
Bennett,  M.A.,  B.Sc,  F.L.S.  With  Coloured  Map  and  600  Woodcuts, 
Fcp.  8vo.,  6j. 

WATTS.—k  SCHOOL  FLORA.      For  the  use  of  Elementary 

Botanical  Classes.  By  W.  Marshall  Watts,  D.Sci  Lend.  Crown  8vo., 
2J.  6rf. 


AGRICULTURE  AND  GARDENING. 

^ZJZ>y7lf^7V:— AGRICULTURAL   ANALYSIS.     A  Manual  of 

Quantitative  Analysis  for  Students  of  Agriculture.  By  Frank  T.  Addyman^ 
B.Sc.  (Lond.),  F.I.C.,  Lecturer  on  Agricultural  Chemistry,  University  College, 
Nottingham,  etc.     With  49  Illustrations.     Crown  Svo. ,  5^.  net.' 

COLEMAN  AND  ADDYMAN.  —  VRKCTICKL  AGRICUL- 
TURAL CHEMISTRY.  For  Elementary  Students,  adapted  for  use  in 
Agricultural  Classes  and  Colleges.  By  J.  Bernard  Coleman,  A.R.C.Sc.,, 
F.I.C.,  and  Frank  T.  Addyman,  B.Sc.  (Lond.),  F.I.C.  With  24  Illustrations. 
Crown  Bvo. ,  i^  td.  net. 

ZCra^i^iV:— ENCYCLOPEDIA    OF    AGRICULTURE;    the 

Laying-out,  Improvement,  and' Management  of  Landed  Property  ;  the  Culti- 
vation and  Economy  of  the  Productions  of  Agriculture.     By  J.  C.  L0UD0^f ,, 
'  F.L.S.    With  HOC  Woodcuts.     8vo.,  21s. 

SORA  UER.—K  POPULAR  TREATISE  ON  THE  PHYSIO- 
LOGY OF  PLANTS.  For  the  use  of  Gardeners,  or  for  Students  of  HorticuU 
ture  and  of  Agriculture.  By  Dr.  PAUL  SORAUER.  Translated  by  F.  E. 
Weiss,  B.Sc,  F.L.S.     With  33  Illustrations.    8vo.,  gj.  net. 

WEBB.— Works  by  HENRY  J.  WEBB,  Ph.D.,  B.Sc.  (Lond.)  ; 

late  Principal  of  the  Agricultural  College,  Aspatria. 

ELEMENTARY  AGRICULTURE.  A  Text-Book  specially- 
adapted  to  the  requirements  of  the  Science  and  Art  Department,  the  Junior 
Examination  of  the  Royal  Agricultural  Society,  and  other  Elementary  Exami- 
nations.    With  34  Illustrations.     Crown  8vo.,  2S.  6cl. 

AGRICULTURE.     A  Manual  for  Advanced  Science  Students.. 

With  100  Illustrations.     Crown  8vo. ,  js.  6d.  net. 
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WORKS  BY  JOHN  TYNDALL,  D.G.L.,  LL.D.,  F.R.S. 

FRAGMENTS    OF    SCIENCE:    a   Series   of  Detached   Essays, 

Addresses,  and  Reviews.     2  vols.     Crown  8vo.,  i6j. 

Vol.  I.— The  Constitution  of  Nature— Radiation— On  Radiant  Heat  in  Relation  to  the 
Colour  and  Chemical  Constitution  of  Bodies — New  Chemical  Reactions  produced  by 
Light — On  Dust  and  Disease — Voyage  to  Algeria  to  observe  the  Eclipse — Niagara — 
The  Parallel  Roads  of  Glen  Roy— Alpine  Sculpture— Recent  Experiments  on  Fog- 
Signals— On  the  Study  of  Physics— On  Crystalline  and  Slaty  Cleavage — On  Para- 
magnetic and  Diamagnetic  Forces — Physical  Basis  of  Solar  Chemistry — Elementary 
Magnetism — On  Force — Contributions  to  Molecular  Physics — Life  and  Letters  of 
Faraday— The  Copley  Medallist  of  187c— The  Copley  Medallist  of  1871 — Death  by 
Lightning — Science  and  the  Spirits.    - 

Vol.  n.— Reflections  on  Prayer  and  Natural  Law— Miracles  and  Special  Providences— On 
Prayer  as  a  Form  of  Physical  Energy — Vitality — Matter  and  Force — Scientific  Ma- 
terialism— An  Address  to  Students — Scientific  Use  of  the  Imagination — The  Belfast 
Address — Apology  for  the  Belfast  Address — The  Rev.  James  Martineau  and  the 
Belfast  Address — Fermentation,  and  its  Bearings  on  Surgery  and  Medicine — Spon- 
taneous Generation — Science  and  Man — Professor  Virchow  and  Evolution — The 
Electric  Light. 

NEW  FRAGMENTS.     Crown  8vo.,  los.  6d. 

Contents. — The  Sabbath— Goethe's  '  Farbenlehre '—Atoms,  Molecules,  and  Ether  Waves 
—Count  Rumford — Louis  Pasteur,  his  Life  and  Labours — The  Rainbow  and  its  Congeners — 
Address  delivered  at  the  Birkbeck  Institution  on  October  22, 1884 — Thomas  Young — Life  in  the 
Alps — About  Common  Water — Personal  Recollections  of  Thomas  Carlyle — On  Unveiling  the 
Statue  of  Thomas  Carlyle — On  the  Origin,  Propagation,  and  Prevention  of  Phthisis — Old 
Alpine  Jottings — A  Morning  on  Alp  Lusgen. 

LECTURES  ON  SOUND.     With  Frontispiece  of  Fog-Syren,  and 

203  other  Woodcuts  and  Diagrams  in  the  Text.     Crown  8vo. ,  loi.  6d. 

HEAT,   A   MODE   OF   MOTION.      With    125   Woodcuts    and 

Diagrams.     Crown  8vo.,  lay. 

LECTURES   ON   LIGHT  DELIVERED   IN   THE   UNITED 

STATES  IN  1872  AND   1873.     With  Portrait,  Lithographic  Plate,  and  59 
Diagrams.     Crown  8vo.,  5J. 

ESSAYS  ON  THE  FLOATING  MATTER  OF  THE  AIR  IN 

RELATION  TO  PUTREFACTION  AND  INFECTION.     With  24  Wood- 
cuts.    Crown  8vo.,  js.  6d. 

RESEARCHES   ON   DIAMAGNETISM    AND    MAGNECRY- 

STALLIC  ACTION  ;  including  the  Question  of  Diamagnetic  Polarity.    Crown, 

8V0.,   I2J. 

NOTES  OF  A  COURSE  OF  NINE  LECTURES  ON  LIGHT, 

delivered  at  the  Royal  Institution  of  Great  Britain,  1869.     Crown  8vo. ,  u.  6d. 

NOTES    OF    A     COURSE     OF    SEVEN     LECTURES    ON 

ELECTRICAL  PHENOMENA  AND  THEORIES,  delivered  at  the  Royal 
Institution  of  Great  Britain,  1870.     Crown  8vo. ,  is.  bd. 

LESSONS    IN    ELECTRICITY    AT    THE    ROYAL    INSTL 

TUTION  1875-1876.     With  58  Woodcuts  and  Diagrams.     Crown  8vo.,  2j.  bd. 

THE  GLACIERS  OF  THE  ALPS :  being  a  Narrative  of  Excur- 

'  sions  and  Ascents.  An  Account  of  the  Origin  and  Phenomena  of  Glaciers,  and 
an  Exposition  of  the  Physical  Principles  to  which  they  are  lelated.  With 
numerous  Illustrations.     Crown  8vo. ,  bs.  bd.  net. 

■FARADAY  AS  A  DISCOVERER.     Crown  8vo.,  3^.  dd. 
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TEXT-BOOKS  OF  SCIENCE. 


PHOTOGRAPHY.  By  Captain  W.  de 
WiVELESLIE  AbNEY,  C.B.,  F.R.S.*, 
Director  for  Science  in  the  Science 
and  Art  Department.  With  155 
Woodcuts.    Price  y.  6d. 


THE  STRENGTH  OF  MATERIALS 
AND  STRUCTURES  :  the  Strength 
of  Materials  as  depending  on  their 
quality  and  as  ascertained  by  Testing 
Apparatus ;  the  Strength  of  Structures, 
as  depending  on  their  form  and 
arrj^ngement,  and  on  the  materials  of 
which  they  are  composed.  By  Sir  J. 
Anderson,  C.E.,  etc.  With  66 
Woodcuts.     Price  jf.  611?. 


RAILWAY  APPLIANCES.  A  Descrip- 
tion of  Details  of  Railway  Construction 
subsequent  to  the  completion  of 
Earthworks  and  Structures,  including 
a  short  Notice  of  Railway  Rolling 
Stock.     By   John   Woli-'e'   Barry, 

,  C.B.,M.I.C.E.  With  218  Woodcuts. 
Price  4^.  6d. 


INTRODUCTION  TO  THE  STUDY 
OF  INORGANIC  CHEMISTRY. 
By  William  Allen  Miller,  M.D., 
LL.D.,  F.R.S.  With  72  Woodcuts. 
Price  3J.  6d. 


QUANTITATIVE  CHEMICAL  ANA- 
LYSIS. ByT.  E.  Thohpe,  F.R.S., 
Ph.D.,  Professor  of  Chemistry  in  the 
Royal  College  of  Science,  London. 
With  88  Woodcuts.     Price  +r.  6d. 


QUALITATIVE  CHEMICAL  ANA- 
LYSIS AND  LABORATORY 
PRACTICE.  By  T.  E.  Thorpe, 
^h.D.,  D.Sc,  F.R.S.,  Principal 
Chemist  of  the  Government  Labora- 
tories, London,  and  M.  M.  Pattison 
MuiR,  M.A.  With  Plate  of  Spectra 
and  57  Woodcuts.     Price  y.  6d. 


INTRODUCTION  TO  THE  STUDY 
OF  CHEMICAL  PHILOSOPHY. 
The  Principles  of  Theoretical  and 
Systematic  Chemistry.  By  William 
A.  Tilden,  D.Sc,  London,  F.R.S., 
Professor  of  Chemistry  at  the  Royal 
College  of  Science.  With  5  Wobd- 
cuts.  With  or  without  Answers  to 
Problems.    Price  4J.  6d. 


ELEMENTS  OF  ASTRONOMY.  By 
Sir  R.  S.  Ball,  LL.D.,  F.R.S.. 
Lowndean  Professor  of  Astronomy  in 
the  University  of  Cambridge.  With 
130  Woodcuts.     Price  6s.  6d. 


SYSTEMATIC  MINERALOGY.  By 
Hilary  Bauerman,  F.G.S.,  Asso- 
ciate of  the  Royal  School  of  Mines. 
With  373  Woodcuts.     Price  6s, 


DESCRIPTIVE  MINERALOGY.  By 
Hilary  Bauerman,  F.G.S.,  etc. 
,With  236  Woodcuts.     Price  dr. 


METALS,  THEIR  PROPERTIES 
AND  TREATMENT.  By  C.  L. 
Bloxam  and  A.  K.  Huntington. 
Professors  in  King's  College,  London. 
With  130  Woodcuts.     Price  jt. 


PHYSICAL  OPTICS.  By  R.  T. 
Glazebrook,  M.A.,  F.R.S.,  Fellow 
and  Lecturer  of  Trinity  College,  and 
Demonstrator  ot  Physics  at  the 
Cavendish  Laboratory,  Cambridge. 
With  1 83  Woodcuts.     Price  6s. 


PRACTICAL  PHYSICS.  By  R".  T. 
Glazebrook,  M.A.,  F.R.S.,  and  W. 
N.  Shaw,  M.A.  With  134  Woodcuts. 
Price  -js.  6d. 
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TEXT-BOOKS   OF   SCIENCE— CoMftwKerf. 


PRELIMINARY  SURVEY.  By  THEO- 
DORE Graham  Gribble,  Civil 
Engineer.  Including  Elementary 
Astronomy,  Route  Surveying,  Tacheo- 
nietry,  Curveranging,  Graphic  Men- 
suration, Estimates,  Hydrography, 
and  Instruments.  With  130  Illus- 
trations, Quantity  Diagrams,  and  a 
Manual  of  the  Slide-Rule.     Price  6j. 


ALGEBRA   AND   TRIGONOMETRY. 
By  William  Nathaniel  Griffin, 
B.D.     Price  3^.  6rf.     Notes  on,  with 
'         Solutions  of  the  more  difficult  Quest- 
ions.    Price  3J.  bd. 


THE  STEAM  ENGINE.     By  George 

C.  V.  Holmes  (Whitworth  Scholar), 

'  Secretary  of  the  Institution  of  Naval 

Architects.       With    212    Woodcuts. 

Price  ts. 


ELECTRICITY  AND  MAGNETISM. 
By  Fleeming  Jenkin,  F.R.SS.,  L. 
&  E. ,  late  Professor  of  Engineering 
in  the  University  of  Edinburgh. 
With  177  Woodcuts.     Price  3^.  6rf. 


THE  ART  OF  ELECTRO-METAL- 
LURGY,includingall  known  Processes 
of  Electro-Deposition.  By  G.  Gore, 
LL.D.,  F.R.S.  With  56  Woodcuts. 
Price  bs. 


TELEGRAPHY.     By   W,    H.    Preece, 

C.B.,      F.R.S.,      V.P.Inst.,      C.E., 

.    Engineer-in-Chief,    and    Electrician, 

Post  Office  Telegraphs,   and   Sir  J. 

SiVEWRiGHT,       M.A.,       K.C.M.G. 

,  -  With  258  Woodcuts.     Price  6i. 


THEORY  OF  HEAT.  By  J.  Clerk 
Maxwell,  M.A.,  LL.D.,  Edin., 
F.R.SS.,  L.  &  E.  New  Edition. 
With  Corrections  and  Additions  by 
,  Lord  Rayleigh,  Sec.  R.  S.  With  38 
Woodcuts.     Price  4J.  td. 


TECHNICAL  ARITHMETIC  AND 
MENSURATION.  By  CHARLES 
W.  Merrifield,  F.R.S.  Price  3^. 
td.  Key,  by  the  Rev.  John  Hunter, 
M.A.     Price  3J.  bd. 


THE  STUDY  OF  ROCKS,  an  Ele- 
mentary Text-Book  of  Petrology. 
By  Frank  Rutley,  F.G.S.,  of  Her 
Majesty's  Geological  Survey.  With 
6  Plates  and  88  Woodcuts.  Price  4J. 
dd. 


WORKSHOP  APPLIANCES,  including' 
Descriptions  of  some  of  the  Gauging 
and  Measuring  Instruments —Hand- 
Cutting  Tools,  Lathes,  DriUing, 
Planing,  and  other  Machine  Tools 
used  by  Engineers.  By  C.  P.  B. 
Shelley,  M.I.C.E.  With  an  ad- 
ditional Chapter  on  Milling.  By  R. 
R.  Lister.  With  323  Woodcuts. 
Price  5J. 


ELEMENTS  OF  MACHINE  DESIGN. 
By  W.  Cawthorne  Unwin,  F.R.S.. 
B.Sc,  M.I.C.E.  Part  I.  General 
Principles,  Fastenings,  and .  Trans- 
missive  Machinery.  With  304  Wood- 
cuts. Price  6i.  Part  II.  Chiefly 
on  Engine  Details.  With  174  Wood- 
cuts.    Price  4J.  bd. 


STRUCTURAL  AND  PHYSIOLOGI- 
CAL BOTANY.  By  Dr.  Otto 
Wilhelm  Thome,  Rector  of  the 
High  School,  Cologne,  and  A.  W. 
BENNETT,  M.A.,  B.Sc.  F.L.S.  With 
600  Woodcuts  and  a  coloured  Map. 
Price  6.r. 


PLANE  AND  SOLID  GEOMETRY. 
By  H.  W.  Watson,  M.A.,  formerly 
Fellow  of  Trinity  College,  Cambridge, 
Price  y.  6d. 
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ADVANCED  SCIENCE  MANUALS. 

%*  Written  specially  to  meet  the  requirements  of  the  ADVANCED  STAGE  of 
Science  Subjects  as  laid  down  in  the  Syllabus  of  the  Directory  of  the 
SCIENCE  AND  ART  DEPARTMENT,  SOUTH  KENSINGTON. 


BUILDIXG  CONSTRUCTION.  By 
the  Author  of  '  Rivington's  Notes  on 
Building  Construction  '.  With  385 
Illustrations  and  an  Appendix  of 
Examination  Questions.  Crown 
8vo. ,  4s.  6rf. 


"THEORETICAL  MECHANICS. 
Solids,  including  Kinematics,  Statics, 
and  Kinetics.  By  A.  THORNTON, 
M.A.,  F.R.A.S.,  With  220  Illustra- 
tions, 130  Worked  Examples,  and 
over  900  Examples  from  E.xamination 
Papers,  etc.    Crown  8vo. ,  41.  6rf. 


HEAT.  By  Mark  R.  Wright.  Hon. 
Inter.  B.Sc.  Lond.  With  136  Illus- 
trations and  numerous  Examples  and 
Examination  Papers.  Crown  8vo. , 
4s.  6d. 


LIGHT.  By  W.  J.  A.  Emtage,  M.A. 
With  232  Illustrations.     Cr.  3vo. ,  6s. 

MAGNETISM  AND  ELECTRICITY. 
By  Arthur  William  PoYSER,  M.A. 
With  317  Illustrations.  Crown  8vo. , 
41.  6rf. 


INORGANIC  CHEMISTRY,  THEO- 
RETICAL AND  PRACTICAL. 
A  Manual  for  Students  in  Advanced 
Classes  of  the  Science  and  art  Depart- 
ment. By  William  Jago,  F.C.S., 
F.l.C.  With  Plate  of  Spectra  and  78 
Woodcuts.     Crown  8vo. ,  4s.  6d. 

GEOLOGY  :  a  Manual  for  Students  in 
Advanced  Classes  and  for  General 
Readers.  By  CHARLES  Bird,  B.A. 
(Lond.).  F.G.S.  With  over  300  Illus- 
trations, a  Geological  Map  of  the 
British  Isles  (coloured),  and  a  set  of 
Questions  for  Examination,  Crown 
8vo.,  js.  6d. 

HUMAN  PHYSIOLOGY  :  a  Manual  for 
Students  in  advanced  Classes  of  the 
Science  and  Art  Department.  By 
John  Thornton,  M.A.  With  268 
Illustrations,  some  of  which  are 
Coloured,  and  a  set  of  Questions  for 
Examination.     Crown  8vo. ,  6j. 

PHYSIOGRAPHY.  By  JOHN  THORN- 
TON, M.A.  With  6  Maps,  180  Illus- 
trations, and  Coloured  Plate  of 
Spectra.     Crown  8vo.,  4s.  6d. 

AGRICULTURE.  By  Dr.  H?NRY  J. 
Webb,  Ph.D.,  B.Sc.  With  100 
Illustrations.     Crown  Bvo. ,  ys.  6d.  net. 


ELEMENTARY  SCIENCE  MANUALS. 


PRACTICAL,  PLANE,  AND  SOLID 
GEOMETRY,  including  Graphic 
Arithmetic.  By  I.  H.  Morris.  Fully 
Illustrated  with  Drawings  prepared 
specially  for  the  book.  Crown  8vo. , 
zs.  6d. 

GEOMETRICAL  DRAWING  FOR 
ART  STUDENTS.  Embracing 
Plane  Geometry  and  its  Applications, 
the  Use  of  Scales,  and  the  Plans  and 
Elevations  of  Solids,  as  required  in 
Section  I.  of  Science  Subject  I.  By 
I.  H.  Morris.     Crown  8vo. ,  is.  6d. 


TEXT  -  BOOi:  ON  PRACTICAL, 
SOLID,  Oil  DESCRIPTIVE  GEO- 
METRY. By  DAVID  Allan  Low 
(Whitworth Scholar).  Parti.  Crown 
8vo. ,  zs.     Part  II.  Crown  8vo. ,  y. 


AN  INTRODUCTION  TO  MACHINE 
DRAWING  AND  DESIGN.'  By 
David  Allan  Lowr  (Whitworth 
Scholar).  With  97  Illustrations  and 
Diagrams.     Crown  8vo. ,  2i. 
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ELEMENTARY  SCIENCE   mP^HMK'LS- Continued. 


BUILDING  CONSTRUCTION.  By 
Edward  J.  Burrell,  Second  Master 
of  the  Technical  School  of  the  People's 
Palace,  Mile  End.  With  308  Illustra- 
tions and  Working  Drawings.  Crown 
8vo. ,  2j.  6^. 

AN  ELEMENTARY  COURSE  OF 
MATHEMATICS.  Containing  Arith- 
metic ;  Euclid  (Book  I.,  with  Deduc- 
tions and  Exercises) ;  and  Algebra. 
Crown  Bvo. ,  2S.  6d. 

THEORETICAL  MECHANICS.  In- 
cluding Hydrosta:tics  and  Pneumatics. 
By  I.  E.  Taylor,  M.A.,B.Sc.  With 
numerous  Examples  and  Answers,  and 
175  Diagrams.     Crown  Bvo.,  zs.  6d. 

THEORETICAL  MECHANICS— SO- 
LIDS. By  J.  E.  Taylor,  M.A., 
B.Sc.  With  163  Illustrations,  120 
Worked  Examples,  and  over  500  Ex- 
amples from  Examination  Papers, 
etc.     Crown  Bvo. ,  2j.  6d.  ^ 

THEORETICAL  MECHANICS- 

FLUIDS.  By  J.  E.  Taylor,  M.A., 
B.Sc.  With  122  Illustrations, 
numerous  Worked  Examples,  and 
about  500  Examples  from  Examina- 
tion Papers,  etc.    Crown  Bvo. ,  25.  6d. 

A  MANUAL  OF  MECHANICS:  an 
Elementary  Text-Book  for  Students 
of  Applied  Mechanics.  With  138 
Illustrations  and  Diagrams,  and  1B8 
Examples  taken  from  the  Science  De- 
partment Examination  Papers,  with 
Answers.  By  T.  M.  Goodeve,  M.A. 
Fcp.  Bvo.,  2S. 

SOUND,  LIGHT,  AND  HEAT.  By 
-  Mark  R.  Wright.  Hon.  Inter. 
B.Sc,  London.  With  Examples, 
Examination  Papers,  and  165  Illustra- 
tions.    Crown  Bvo,,  2s.  6d. 

PHYSICS.  Alternative  Course.  .  By 
Mark  R.Wright,  Hon.  Inter.  B.Sc., 
London.  With  Examples,  Exami- 
nation Papers,  and  242  Illustrations. 
Crown  8vo. ,  2S.  6d. 

ELEMENTARY  PRACTICAL  CHE- 
MISTRY :  a  Laboratory  Manual  for 
Use  in  Organised  Science  Schools. 
By  G.  S.  Newth,  F.I.C,  F.C.S. 
Demonstrator  in  the  Royal  College  of 
Science,  London  ;  Assistant  Examiner 
in  Chemistry,  Science  and  Art  De- 
partment. -With  108  Illustrations 
and  254  Experiments.  Crown  Bvo. 
Price  2S,  6d,. 


ELEMENTARY  PRACTICAL  PHY- 
SICS :  a  Laboratory  Manual  for  Use 
in  Organised  Science  Schools.  By  W. 
Watson,  B.Sc.  Demonstrator  in 
Physics  in  the  Royal  College  of 
Science,  London  ;  Assistant  Examiner 
in  Physics,  Science  and  Art  Depart- 
ment. With  irg  Illustrations  and. 
193  Exercises.  Crown  Bvo.  Price 
2j.  6d. 

MAGNETISM  AND  ELECTRICITY. 
By  A.  W.  Poyser,  M.A.  With  Exa- 
mination Papers  and  235  Illustra- 
tions.    Crown  8vo. ,  zs.  6d. 

PROBLEMS  AND  SOLUTIONS  IN 
ELEMENTARY  ELECTRICITY 
AND  MAGNETISM.  Embracing 
a  Complete  Set  of  Answers  to  the- 
South  Kensington  Papers  for  the 
Years  1885-1894,  and  a  Series  of 
Original  Questions.  By  W.  Slingo- 
and  A.  Bkooker.  With  67  Illustra- 
tions.    Crown  Bvo. ,  2s. 

INORGANIC  CHEMISTRY,  THEO- 
RETICAL AND  PRACTICAL. 
With  an  Introduction  to  the  Principles 
of  Chemical  Analysis.  By  William 
J  AGO,  F.  C.  S. ,  F.  I.  C.  With  63  Wood- 
cuts and  numerous  Questions  and 
Exercises.     Fcp.  Bvo.,  2S:  6d. 

AN  INTRODUCTION  TO  PRACTI- 
CAL INORGANIC  CHEMISTRY. 
By.  William  Jago,  F.C.S. ,  F.I.C. 
With  Illustrations.  Crown  Bvo.,  is. 
6d. 

PRACTICAL  CHEMISTRY  :  the 
Principles  of  Qualitative  Analysis.  By 
William  .A.  Tilden,  D.Sc.  With 
Illustrations.     Fcp.  8vo. ,  is.  6d. 

ELEMENTARY  CHEMISTRY,  Inor- 
ganic and  Organic.  By  William  S. 
FURNEAUX.  With  Examination 
Questions,  and  65  Illustrations. 
Crown  8vo. ,  2S.  6d.  ' 

ORGANIC  CHEMISTRY:  the  Fatty 
Compounds.  By  R.  Lloyd  White- 
ley,  F.I.C,  F.C.S.  With  45  Illus- 
trations.    Crown  Bvo. ,  35.  6d. 

ELEMENTARY  GEOLOGY.  By 
Charles  Bird,  B.A.,  F.G.S.  With 
Coloured  Geological  Map  of  the 
British  Islands,  and  247  Hustrations. 
Crown  8vo. .  2s.  6d. 
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ELEMENTARY  SCIENCE   ^PM\iPA.%~ Continued. 


HUMAN  PHYSIOLOGY.  By 
William  S.  Furneaux.  With  218 
Illustrations.     Crown  8vo.,  is.  6d. 

BIOLOGY.  By  John  Bidgood,  B.Sc. 
With  226  Illustrations.  Crown  Bvo. , 
4.r.  6d. 

ELEMENTARY  BOTANY,  THEO- 
RETICAL AND  PRACTICAL. 
By  Henry  Edmonds,  B.Sc.  ,  London. 
With  319  Woodcuts.  Crown  8vo., 
2J.  6d. 

METALLURGY.  By  E.  L.  Rhead, 
Lecturer  on  Metallurgy  at  the  Muni- 
cipal Technical  School,  Manchester. 
With  94  Illustrations.  Crown  8vo. , 
jr.  6d. 

STEAM.  ByWiLLiAM  Ripper,  Member 
of  the  Institution  of  Mechanical 
Engineei's,  Professor  of  Mechanical 
Engineering  in  the  Sheffield  Technical 
School.  With  142  Illustrations. 
Crown  8vo. ,  Zf .  6d. 


ELEMENTARY  PHYSIOGRAPHY. 
By  John  Thornton,  M.A.  With 
12  Maps  and  247  Illustrations.  Crown 
8vo. ,  2j.  dd. 


AGRICULTURE.  By  Henry  J.  Webb, 
Ph.D.,  BSc.  (Lond.).  Late  Princi- 
pal of  the  Agricultural  College,  Aspa- 
tria.  With  34  Illustrations.  Crown 
8vo.,  2i.  6d. 


HYGIENE.  By  J.  L.  NOTTER,  M.A., 
M.D. ,  Fellow  and  Member  of  Council 
of  the  Sanitary  Institute  of  Great 
Britain,  Examiner  in  Hygiene,  Science 
and  Art  Department;  Examiner  in 
Public  Health  in  the  University  of 
Cambridge  and  in  the  Victoria  Uni- 
versity, Manchester ;  and  R.  H. 
Firth,  F.R.C.S,  Assistant  Professor 
of  Hygiene,  in  the  Army  Medical 
School,  Netley.  With  95  Illustrations. 
Crown  Bvo. ,  3^.  6d. 
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ASTRONOMY.  By  Sir  Robert  Sta- 
WELL  Ball,  LL.D.,  F.R.S.  41 
Diagrams,     is.  bd. 

MECHANICS.  By  Sir  Robert  Sta- 
WELL  Ball,  LL.D.,  F.R.S.  89 
Diagrams,     is.  6d. 

THE  LAWS  OF  HEALTH.  By  W. 
H.  CORFIELD,  M.A.,  M.D.,  F.R.C.P. 
With  22  Illustrations.     li.  6rf. 

MOLECULAR  PHYSICS  AND 
SOUND.  By  Fred.  Guthrie,  F.R.S. 
91  Diagrams,     is.  6d. 

GEOMETRY,  CONGRUENT  FIG- 
URES. By  O.  Henrici,  Ph.D., 
B'.R.S.    With  141  Diagrams,    is.  6d. 

ZOOLOGY  OF  THE  INVERTE- 
BRATE ANIMALS.  By  Alexander 
Macalister,  M.D.  With  59  Dia- 
grams,    is.  6d. 
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ZOOLOGY  OF  THfi  VERTEBRATE 
ANIMALS.  By  ALEXANDER  Mac- 
alister, M.D.  With  77  Diagrams. 
IS.  6d. 

HYDROSTATICS  AND  PNEUMA- 
TICS. By  Sir  PHILIP  MAGNUS, 
B.Sc,  B.A.  79  Diagrams,  is.  6d. 
{To  be  had  also  witA  Ans7vers,  zs.). 
The  Worked  Solutions  of  the  Pro- 
blems.    2J. 

BOTANY.  Outlines  of  the  Classification 
of  Plants.  By  W.  R.  McNab,  M.D. 
With  118  Diagrams,     is.  6d. 

BOTANY.  Outlines  of  Morphology  and 
Physiology.  By  W.  R.  McNab, 
M.  D.     With  42  Diagrams,     is.  6d. 

THERMODYNAMICS.  By  Richard 
WORMELL,  M.A.,  D.Sc.  41  Dia- 
grams.    IS.  6d. 


